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I 

INTRODUCTION 

The birth of cyclopentadienyl transition metal chemistry occurred in 
1951 when Pauson and Kealy (7) discovered a most remarkable compound, 
bis(r? 5 -cyclopentadienyl)iron (ferrocene) (1). Ferrocene was found to be 



Fe 

O 


( 1 ) 

unusually stable for an organoiron compound. Indeed, ferrocene does not 
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undergo Diels-Alder reactions, resists catalytic hydrogenation under nor¬ 
mal conditions, and resists pyrolysis at 470°C (2, 3). 

In 1952, Woodward, Rosenblum, and Whiting reported that ferrocene 
would undergo Friedel-Crafts acylation ( 4 , 5). The reaction of 1 with 
acetyl chloride in the presence of aluminum chloride gave acetylferrocene 
(2), 1,2-diacetylferrocene (3), and 1,l'-diacetylferrocene (4). Shortly after 
this discovery ferrocene was shown to undergo other “aromatic-type” sub¬ 
stitution reactions including alkylation (6, 7), formylation ( 8 , 9), mercur- 
ation (10), and sulfonation (11). 





( 2 ) ( 3 ) 



Since the discovery of ferrocene, many new »; 5 -cyclopentadienylmetal 
compounds have been synthesized, although only a few exhibit the same 
aromatic-type behavior as does 1. These compounds, which undergo elec¬ 
trophilic aromatic substitution, include ruthenocene (5) and osmocene (6) 
(12, 13), cymantrene (7) (14-16), its technetium (8) and rhenium (9) 
analogs (17-19), (»; 5 -cyclopentadienyl)tetracarbonylvanadium (10) (20- 
22), (r/ 5 -cyclopentadienyl)dicarbonylnitrosylchromium (11) (23), (y 5 -cy- 
clopentadienyl)dicarbonylcobalt (12) (24, 25), and (?j 5 -cyclopentadienyl)(»/ 4 - 
tetraphenylcyclobutadiene)cobalt (13) (26, 27). 
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I I 



(5) 

M = Ru 

(7) 

M 

= Mn 

(6) 

M = Os 

(8) 

M 

= Tc 



(9) 

M 

= Re 



Co 


/ \ 

c c 


( 12 ) 


O 

0 

A\ 

r* r* r\ 

Cr 

n r* 1 \ 

o c c o 0 

U 

0 

(10) 

(11) 



Ph Co Ph 

Ph Ph 

(13) 


Compounds 1 and 5-13 are the only reported ^-cyclopentadienylmetal 
compounds that undergo aromatic substitution reactions yielding func¬ 
tionally substituted derivatives. As a consequence, the synthesis and sub¬ 
sequent chemistry of functionally substituted i? 5 -cyclopentadienylmetal 
compounds has been severely limited in scope. 

The present article deals with alternate methods for the formation of 
functionally substituted cyclopentadienylmetal compounds. No attempt has 
been made to review the functional group chemistry of ferrocene (1), or 
the other metalloaromatic systems (5-13) listed above. Of the known (rj 5 - 
C 5 H 5 )M(L n ) compounds, almost all have been synthesized from reactions 
of C 5 H 5 T1, C 5 H 5 Na, C 5 H 5 Li, or C 5 H 5 MgX with an appropriate transition 
metal halide fragment, where M is a transition metal and L„ represents 
suitable ligands (28). It is logical, then, that the reaction of substituted 
cyclopentadienide reagents such as C 5 H 4 RT1, C 5 H 4 RNa, or C 5 H 4 RLi with 
metal halide fragments should lead to the corresponding substituted analogs 
(77 5 -C 5 H 4 R)M(L„), where R is a reactive functional group such as acyl, 
halogeno, etc. 

For the purposes of this article, alkyl (29), aryl, and silyl substituents 
will not be considered as functional groups. 
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II 

ALDEHYDES, KETONES, ESTERS, AND NITRILES 


A. Monosubstituted Compounds 

Sodium cyclopentadienides containing aldehyde, ketone, or ester sub¬ 
stituents can be synthesized easily following a method developed originally 
by Thiele in 1900 (30). Condensation of cyclopentadiene with diethyl ox¬ 
alate in the presence of sodium ethoxide gave sodium ethoxalylcyclopen- 
tadienide (14) (30). The reactions of sodium cyclopentadienide with either 



(14) 

ethyl formate, methyl acetate, or dimethyl carbonate have produced the 
respective compounds sodium formyl- (15), acetyl- (16), or carbomethox- 
ycyclopentadienide (17) in yields of 60-90% (31-33). Potassium formyl- 



(15) R = H 

(16) R = CH 3 

(17) R = OCH 3 

cyclopentadienide (18) has likewise been prepared from a reaction be¬ 
tween potassium cyclopentadienide and ethyl formate (34 ). 



(18) 

El Murr has produced the acetyl- (19) and carbomethoxycyclopenta- 
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dienide (20) anions from the electrolysis of Fe(C 5 H 4 R) 2 (R = COCH 3 or 
C0 2 CH 3 ) in the presence of (n-Bu 4 N)(PF 6 ) (35). 


Fe(C 5 H 4 R) 2 + 2e 


(n-Bu 4 )(PF 6 ) 


THF 


0" R + Fe + PF 

n-Bu^N + 


(19) R = COCH 3 

(20) R = C0 2 CH 3 


Various esters of thallium carboxycyclopentadienide have been prepared 
by Drew and Nelson ( 34 , 36), starting from Thiele’s dimeric acid (37). 
Thiele’s acid was esterified by the method of Peters (38, 39) to give esters 
(21-23). These esters were then “cracked” at 220°C and 18-20 mm Hg 
into an aqueous solution of thallium acetate and potassium hydroxide to 
give compounds 24-26 in 60-65% yield. 



220 °C/20 mm Hg 
T10 Ac/K0H-H 2 0 


2 



C0 o R 


(21) 

R = CH 3 

(24) 

R = CH 3 

(22) 

R = C 2 H 5 

(25) 

R = C 2 H 5 

(23) 

R = i-C 3 H 7 

(26) 

R = i-C 3 H 


Peters had also prepared other derivatives of Thiele’s acid including the 
acid chloride (27), the nitrile (28), and the amides (29 and 30), which gave 
monomers 31-33 upon distillation. Organothallium derivatives of mono- 



(29) R = CON(CH 3 ) 2 

(30) R = CONH 2 


o 


(31) R = COC1 

(32) R = CN 

(33) R = CON(CH 3 ) 2 



6 


D. W. MACOMBER et al. 


mers 31 and 33 were not prepared by this method, however. The dimer 
(30) does not depolymerize to the corresponding cyclopentadiene (34), 
because of the high melting point of 30 (202°C). 



CONH 2 


(34) 


The reaction of equimolar amounts of cyclopentadiene and cyanogen 
chloride in the presence of sodium hydride gave dicyanocyclopentadiene 
dimer, presumably 28, which upon distillation and treatment with potas¬ 
sium carbonate gave potassium cyanocyclopentadienide (35) (40). Crack¬ 
ing 28 into thallous ion gave the analogous thallium cyanocyclopentadien¬ 
ide (36) (36, 41, 42). 



(36) 

The fused cyclopentadienyl lactone anion (38) has been prepared by an 
intramolecular cyclization of the substituted cyclopentadiene (37) in the 
presence of sodium hydride (43, 44). 



(37) 


(38) 
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Many functionally substituted cyclopentadienide reagents have proved 
useful in the synthesis of functionally substituted i? 5 -cyclopentadienyl-tran- 
sition metal compounds. Some examples will be cited below. 

In 1957 Benson and Lindsey (45) generated in situ the alkoxy-substituted 
cyclopentadienide anion (39) and synthesized the heterodisubstituted fer¬ 
rocene 40. 



(40) 


This same approach was subsequently used by Pauson and Osgerby (46) 
in the synthesis of l,l'-dicarbomethoxyferrocene (41). Sodium carbo- 
methoxycyclopentadienide (17), obtained from sodium cyclopentadienide, 
methyl chloroformate, and excess sodium, was allowed to react with ferrous 
chloride to give a 30% yield of 41. The low yield of 41 was attributed to 
the formation of sodium 1,2-dicarbomethoxycyclopentadienide (42). Peters 
had earlier reported the isolation of 42 from the same reaction (47). 


2 



Na 


+ 


+ 2 C1C0 2 CH 3 



2 



Na 


+ 


FeCl 2 


(17) 
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3 


Fe 



3 


(41) 

Pauson and Osgerby were also able to synthesize 1,1-diacetylferrocene 
(43) in a similar manner, although only in 2% yield. Presumably, poly- 


2 ®" C0CH3 

Na + 

(16) 

acylation occurs, giving cyclopentadienide anions that are incapable of 
reacting with ferrous chloride. Hart (25) has prepared l,l'-diacetylferro- 
cene in 30% yield from “isolated” sodium acetylcyclopentadienide and 
ferrous chloride. 

Rausch and co-workers (33) have recently used organosodium reagents 
15-17 to synthesize many new acyl-substituted organometallic compounds. 
Reactions between either 16 or 17 with CoCl 2 in THF solution produced 
l,r-diacetylcobaltocene (44) and 1,1-dicarbomethoxycobaltocene (45), 
respectively, in 30-40% yields. Analogous reactions of 16 or 17 with NiBr 2 • 
2DME in DME solution gave 1,1-diacetylnickelocene (46) and 1,1-di- 
carbomethoxynickelocene (47), respectively, in 40-45% yields. 


FeCl, 


Or 

Fe 

O- 


COCH. 


COCH- 


(43) 


Or 


COR 



O“ C0R 

Ni 



COR 


(44) R = CH 3 

(45) R = OCH 3 


(46) R = CH 3 

(47) R = OCH 3 
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? 7 5 -Cyclopentadienyldicarbonylmetal derivatives of cobalt and rhodium 
containing acyl substituents have also been obtained. Reactions of 15, 16, 
or 17 with an equimolar mixture of Co 2 (CO) 8 and I 2 in THF produced the 
corresponding formyl (48), acetyl (49), and carbomethoxy (50) analogs. 


0" 


COR 


/ \ 


o 


c 


'O 



COR 


/ \ 


c 


0 


(48) R = H 

(49) R = CH 3 

(50) R = OCH 3 


(51) R = H 

(52) R = CH 3 

(53) R = OCH 3 


The rhodium counterparts have been synthesized via reactions of 15-17 
with [Rh(CO) 2 Cl] 2 in THF to give compounds 51-53. These products were 
obtained in yields up to 50% (2J, 55). 

Reactions of 15-17 with group VIB metal hexacarbonyls have likewise 
led to a wide variety of functionally substituted i? 5 -cyclopentadienyl deriv¬ 
atives of these metals. Reactions of 17 with Cr(CO) 6 (DMF, reflux), 
Mo(CO) 6 (THF, reflux), or W(CO) 6 (DME, reflux), followed by acidifi¬ 
cation with acetic acid and subsequent nitrosylation with 7V-methyk/V-ni- 
troso-/?-toluenesulfonamide gave the respective carbomethoxy derivatives 
54 (79%), 55 (12%), and 56 (41%) (55, 48\ 



M. 

S | N 

C N 

0 C IN 0 

0 



3 


(54) 

M 

= Cr 

(57) 

M 

= Cr 

(55) 

M 

= Mo 

(58) 

M 

= Mo 

(56) 

M 

= W 

(59) 

M 

= W 


In a similar manner, treatment of the metal carbonyl anions, generated 
as above, with methyl iodide led to compounds 57-59 in 30-80% yields. 
Starting with the metal carbonyl anions derived from 15 or 16 and either 



10 


D. W. MACOMBER et al. 


Mo(CO) 6 or W(CO) 6 , the respective formyl (60 and 61) and acetyl (62 
and 63) analogs have been prepared (33, 48). 


O CH0 

O C0CHi 

M 

c'/lVu 

r c c ch 3 

0 0 

M 

(//''CM 

0 Q C C Q 3 

(60) 

M = Mo 

(62) M = Mo 

(61) 

M = W 

(63) M = W 


Numerous synthetic transformations occur at the functional groups of 
compounds 48-63, yielding useful derivatives. For example, esters 50 and 
59 could be saponified with aqueous potassium hydroxide in methanol to 
give, after acidification, the corresponding carboxylic acids 64 and 65 in 
yields of greater than 70%. Treatment of these acids with oxalyl chloride 
or PClj, respectively, has given the acid chlorides 66 and 67 in good yields 
(25, 48). 


c ° 2 ch 3 

Hi KOH/H-O 

H + 

o° v 

1 

Co 

/ \ CH-OH 


/ \ 

C C J 

0 0 


o c c o 

(50) 


(64) 

C1COCOC1 

O C0C1 

1 


- _► 

Co 



/ \ 



o c c o 



(66) 


0" C ° 2CH 3 

K0H/H 2 0 

H + 

O c ° 2 " 

c y/ ^ru CH,OH 

ry- p r> n o J 

u o c o J 

0 

fc'S 

o^ u o J 


(59) 


(65) 
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PCI 


5 


®- coci 


.W 

'n^ru 

n c c c 
° 0 0 


3 


(67) 

Compounds 48-63 have also proved useful in the synthesis of organo- 
metallic vinyl monomers. Under phase-transfer conditions, aldehyde 61 
was converted in excellent yield to the vinyl monomer 68 (49). Monomer 


fy cH ° 

Ph P-CH + 1“ 

ch=ch 2 

CH 

0 o c c o 3 

//\'. u 5 N NaOH/C,H, 

0 C C C CH 3 b b 

0 0 

(61) 

(68) 

68 could be homopolymerized under free-radical initiation conditions, and 
copolymerized with organic monomers such as styrene, acrylonitrile, etc. 
A detailed polymerization study has shown 68 to be almost as electron- 
rich as vinylferrocene (50). 

Using the substituted organothallium reagents 24 and 36, Cramer and 
Mrowca prepared the cyano- and carbomethoxy-substituted cyclopenta- 
dienylbis(ethylene)rhodium compounds 69 and 70, respectively (41). By 

[Rh(C^H^)2^1^2 

€> R 

1 

w Rh 

i 

T1 

H 2 C ^ V CH 2 
h 2 c ch 2 

(24) R = C0 2 CH 3 

(69) R = C0 2 CH 3 

(36) R = CN 

(70) R = CN 


means of variable temperature proton NMR, it was determined that sub¬ 
stitution of cyclopentadienyl protons with electronegative groups (viz., cy- 
ano or carbomethoxy) weakens the ir bond between rhodium and ethylene 
moderately. 
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Drew and Nelson (34, 36) have prepared several compounds of the type 
(*j 5 -C 5 H 4 X)RhL 2 , where X = CHO, C0 2 R (R = CH 3 , C 2 H 5 , j-C 3 H 7 ), 
COCOjCjHj, or CN, and L = CO, C 2 H 4 , or a symmetrical 1,5-, 1,4-, or 
1,3-diene. These compounds were obtained from organothallium reagents 
24-26 or 36* organosodium reagent 14, or organopotassium reagent 18 
and a suitable organorhodium chloride dimer. For example, a reaction 
between thallium carbomethoxycyclopentadienide(24) and (cycloocta-1,5- 
diene)rhodium chloride dimer gave 71. The molecular structure of 71 was 
confirmed by means of a single-crystal X-ray diffraction study. 



(24) (71) 


The anions 19 and 20 generated from the electroreduction of substituted 
ferrocenes, reacted with Mo(CO) 6 (THF, reflux) or with W(CO) 3 (DMF) 3 
(THF, reflux) to give the metal carbonyl anions 72-75 (35), Further re¬ 
action of these anions with methyl iodide gave compounds 58, 59, 62, and 
63, respectively, previously described by Rausch et al . (33), Other func¬ 
tionally substituted compounds, including tricarbonyl iodide analogs 76 
and dimers 77, have been obtained from the reactions of anions 72-75 with 
I 2 and oxidizing agents, respectively. 



o 


(72) R = COCH 3 ; M = Mo 

(73) R = C0 2 CH 3 ; M = Mo 

(74) R = COCH 3 ; M = W 

(75) R = C0 2 CH 3 ; M = W 


O" 


(76) 
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B. Di- and Polysubstituted Compounds 

Peters has shown that a reaction between equimolar amounts of methyl 
chloroformate and sodium cyclopentadienide gave two main products (47). 
The expected product, carbomethoxycyclopenta-1,3-diene (78), was ob¬ 
tained in 20-30% yield upon distillation. A brick-red solid remained after 
distillation and was identified as sodium 1,2-dicarbomethoxycyclopenta- 
dienide (42), obtained in —20% yield. Peters’ explanation for the formation 



O" C0 2 CH 3 * 


C 5 H 5 Na 


(78) 


\Qr C ° 2 C «3 

Na + 

(17) 


^^~ C0 2 CH 3 + C1C0 2 CH 3 

Na + 

(17) 



co 2 ch 


3 


3 



C0 2 C H 


3 


3 


+ 


(17) 



co 2 ch 3 

Na + 


(42) 


of 42 is that the cyclopentadiene 78 reacts with additional sodium cyclo¬ 
pentadienide giving the intermediate anion 17, which reacts further with 
methyl chloroformate. A similar explanation was proposed by Linn and 
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Sharkey (51) for the reaction between sodium cyclopentadienide and ben¬ 
zoyl chloride. 

Hafner et al. (52) have reported that 6-dimethylamino-2-formylfulvene 
(79) reacted with IN sodium hydroxide to give sodium 1,2-diformylcyclo- 
pentadienide (80) in 63% yield. Treatment of 80 with acid gave 6-hydroxy- 
2-formylfulvene (81). Hafner also obtained sodium 1,2,4-triformylcyclo- 
pentadienide (83) from the dimethylaminofulvene (82) and IN sodium 
hydroxide. 


psV /"'™ 3 ’ 2 


CHO 

i 

NaOH/HpO 

<rV CH0 




CHO 


Na + 

(79) 


(80) 


CHO 



(82) (83) 

Webster (40) prepared both isomers of dicyanocyclopentadienide ion, 
and isolated them as salts of various cations. When sodium cyclopenta¬ 
dienide was treated with two equivalents of cyanogen chloride in the pres¬ 
ence of excess sodium hydride, a mixture of sodium 1,2-dicyanocyclopen- 
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tadienide (84) and sodium 1,3-dicyanocyclopentadienide (85) was obtained 


+ 2 C1CN 

Na + 

CN 

NaH 

-► \ZJf 

" c 1^r c " 

Na + 

Na + 


(84) 

(85) 


in about a six to one ratio. 1,3-Dicyanocyclopentadiene could also be sep¬ 
arated from 84 and 85 by column chromatography of the reaction mixture 
on acidic alumina, and converted to its potassium salt with K 2 CO } . Various 
ammonium salts of 84 and 85 have also been produced. 

Tricyanocyclopentadienide anions have been prepared by treating so¬ 
dium cyclopentadienide with excess cyanogen chloride and sodium hydride. 
Potassium 1,2,4-tricyanocyclopentadienide (86) was isolated in 22% yield 
while potassium 1,2,3-tricyanocyclopentadienide (87) was isolated in 
50% yield. 


NaH KC1/H,0 

+ C1CN (excess) ■ - . » . 

Na + 

CN 

£ 

NC 

K + 

(86) (87) 

A Friedel-Crafts catalyst was required to further cyanate tricyanocy¬ 
clopentadienide ion to tetra- and pentacyanocyclopentadienides. Thus a 
mixture of isomeric silver tricyanocyclopentadienides was treated with cy¬ 
anogen chloride in the presence of aluminum chloride, then with tetraeth- 
ylammonium chloride, to give tetraethylammonium tetracyanocyclopen- 
tadienide (88) and tetraethylammonium pentacyanocyclopentadienide (89) 
in about a 4 : 1 ratio. 
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+ C1CN 


A1C1 3 


Ag + 


Ag + 


NC 



NC 


+ 



Et 4 N + 


Et 4 N + 


( 88 ) 


(89) 


Et NCI 

---► 


Dimethyl acetylenedicarboxylate condensed with dimethyl malonate in 
the presence of pyridine and acetic acid to give the cycloheptadiene (90) 
(53-55). When 90 was refluxed in aqueous potassium acetate, carbon diox¬ 
ide was evolved and potassium 1,2,3,4,5-pentacarbomethoxycyclopenta- 
dienide (91) was formed in 62% yield. Treatment of anion 91 with acid 
gave 1,2,3,4,5-pentacarbomethoxycyclopentadiene (92) in 90% yield. 


CH 3°2 C C 0 2 CH 3 


CH 3 0 2 C 



C0 2 CH 3 


CH 3°2 C ^ ^ C0 2 CH 3 


CH.O.C C0 o CH~ 

3 ^ 2 3 


(90) 


K0Ac/H 2 0 


-CO. 


C0 2 CH 3 




CH 3 0 2 C-rt^>- C0 2 CH 3 


CH 3 0 2 C C0 2 CH 3 

K + 

(91) 


(91) 


hci/h 2 o 


C0 2 Me 


Me0 2 C 


Me0 2 C 




C0 2 Me 


C0 2 Me 


( 92 ) 
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Bruce et al. (56) have shown that cyclopentadiene 92 reacted with either 
thallium carbonate or silver acetate to give thallium (93) or silver (94) 
salts, respectively. 


(92) 


ti 2 co 3 



C0 2 Me 

^° 2C -^^- C0 2 Me 

MeO„C • CO-Me 

d T1 


(93) 


(94) 


These investigators have also used compounds 92-94 in the synthesis of 
several pentacarbomethoxy-substituted cyclopentadienyl transition metal 
complexes (95-97). 

The molecular structure of 97 exhibited a metallocene type structure 
with the ruthenium atom almost equidistant from each ring. However, a 
reaction between 97 and PPh 3 in acetonitrile gave 95, demonstrating that 
the Ru[C 5 (C0 2 CH 3 ) 5 ] bond is relatively weak. The molecular structure 
of Li[C 5 (C0 2 CH 3 ) 5 ](H 2 0) has also been determined (57). 

C. Properties 

Cyclopentadienide anions possessing electron-withdrawing groups (viz., 
COCH 3 , C0 2 CH 3 , CHO, or CN) generally have greater air stability than 
do the corresponding unsubstituted cyclopentadienide anions. Most likely 
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(Me0 2 C) 5 C 5 H 


ti 2 co 


3 


[(Me0 2 C) 5 C 5 ]Tl 


(92) 

M(OAc )2 

V 

[(Me0 2 C) 5 C 5 ] 2 M 
M = Mn, Fe, Co, Ni 


(93) 


(C 5 H 5 )M(PPh 3 ) 2 Cl/ 

CH 3 CN 


[(C 5 H 5 )M(PPh 3 ) 2 (CH 3 CN)][(Me0 2 C) 5 C 5 ] 

(95) M = Ru 

(96) M = Os 


M = Ru 


-PPh 3 


ch 3 o 2 c 


CH- 



3 

3 


( 97 ) 
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TABLE I 

p K a Values of Various Substituted Cyclopentadienes in Aqueous Solutions 


Compound 

Conjugate base 

P*a 

Reference 

c 5 h 6 

0 

15 

58 

c 5 h 5 co 2 ch 3 

Na + ^0-CO 2 CH 3 

10.4 

32 

c 5 h 5 

K* 0-CN 

9.8 

40 

c 5 h 5 coch 3 

Na + ^-COCH 3 

8.8 

32 

c 5 h,cho 

Na + 

7.4 

32 

C,H 4 (CO ; CHj) 2 

co 2 ch 3 

Na + ^-C0 3 CH 3 

5.0 

32 


CHO 



C,H 4 (CHO) 2 

Na + Q- CHO 

4.5 

52 

c 5 h s no 2 

Na+ 

3.3 

32 

C 5 H 4 (CN)i 

K* NC ~^/~ CN 

2.5 

40 


CHO 



C s H 3 (CHO) 3 

Na + Q-CHO 

1.8 

52 


OHC 



C s H 4 (CN) 3 

K+ 6 rCN 

1.1 

40 


this is due to delocalization of electron density onto the substituent group, 
as shown below. These structures are merely resonance-stabilized enolate 
anions. 



R 


A 


B 
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The same reasons that give these compounds increased stability also, in 
some cases, lower the reactivity, and in extreme instances prevent formation 
of 7 / 5 -cyclopentadienylmetal complexes. For example, the reaction between 
sodium carbomethoxycyclopentadienide and titanium tetrachloride did not 
give the expected titanocene dichloride (25). Presumably, sodium carbo¬ 
methoxycyclopentadienide reacts through the oxygen atom (structure B) 
to give unidentifiable titanium alkoxides. 

Table I gives values for some substituted cyclopentadiene com¬ 
pounds. Sodium nitrocyclopentadienide (151) has been included for com¬ 
parison purposes and will be discussed in Section IV. 


Ill 

HALOGEN DERIVATIVES 


A. Compounds Derived from Diazocyclopentadienes 

Excluding ferrocene (1) and cymantrene (7), which can be halogenated 
indirectly via electrophilic substitution, there are two methods available 
for the synthesis of halocyclopentadienylmetal compounds. One method 
utilizes reactions of diazocyclopentadienes with metal carbonyl halides; the 
other involves reactions of halogen-substituted organothallium reagents. 
Shaver, Day, et al. ( 59 , 60) have reported the syntheses and structures of 
some halogen-substituted */ 5 -cyclopentadienylmetal complexes of rhodium 
and manganese. Diazocyclopentadienes 98 and 99 were inserted into halo- 
gen-bridged dirhodium species to give compounds 100-104. In similar re- 



(98) R = C g H 5 

(100) 

R 

= C 6 H 

(99) R = H 

(101) 

R 

= C 6 H 


(102) 

R 

= C 6 H 


(103) 

R 

= C 6 H 


(104) 

R 

= H; 


COD; 

X = 

Cl 

COD; 

X = 

Br 

(c 2 h 

4^2’ 

X = Cl 

(CO) 

2 ; X 

= Cl 


= COD; X = Cl 
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N 2 + (CO) j-MnX 

R 

(98) R = C g H 5 

(99) R = H 


R 



0 


(105) R = H; X = Cl 

(106) R = H; X = Br 

(107) R = H; X = I 

(108) R = C 6 H 5 ; X = Cl 



actions, 98 and 99 reacted with manganese pentacarbonyl halides to give 
complexes (105-108). This new method of preparing halo-substituted cy- 
clopentadienylmetal complexes 105-107 proved to be considerably easier 
than the multistep procedures previously employed (61, 62). 

The crystal structure of 102 demonstrated that the cyclopentadienyl ring 
was bonded to the rhodium atom in a pentahapto fashion. The bond lengths 
around the five-membered ring, however, showed some similarities to those 
of (7-bonded cyclopentadienyl rings. Subsequently, Day and Shaver (63, 
64) isolated an (77 l -C 5 Cl 5 )M(L n ) complex and determined its crystal struc¬ 
ture. Manganese pentacarbonyl chloride reacted with 2,3,4,5-tetra- 
chlorodiazocyclopentadiene (109) in pentane at room temperature to give 
(77'-C5Cl 5 )Mn(CO)5 (110) in 48% yield and (7, 5 -C 5 Cl 5 )Mn(CO) 3 (111) in 



ClMn(CO) j. 


(109) 



+ 



( 110 ) 


( 111 ) 
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27% yield. The structure of 110 demonstrated that the manganese was 
octahedrally coordinated to five carbonyl groups and a <r-bonded cyclo- 
pentadienyl ring. The C 5 C1 5 group was bonded to the manganese through 
a single carbon atom at a distance of 2.204(6) A. Complex 111 could be 
obtained free of 110 by running the reaction in octane at ~80°C. 

Di-jt-chloro-bis( 1,5-cyclooctadienerhodium) reacted with C 5 C1 4 N 2 (109) 
in benzene to give the pentahapto complex 112 in 94% yield. The molecular 
structure of 112 has also been determined, and the data suggest appreciable 
contribution from a bonding model where the t; s -C 5 Cl s ring is bonded to 
the metal by two it bonds and one cr-alkyl bond (65). 


ci 



(1°9) (112) 


Herrmann and co-workers have independently used diazocyclopenta- 
dienes to synthesize halogen-substituted cyclopentadienylmetal complexes. 
Diazoindene reacted with manganese pentacarbonyl halides in a manner 
similar to diazocyclopentadiene to give compounds 113 (76%), 114 (48%), 
and 115 (16%) (66). Manganese pentacarbonyl halides reacted with 
2,3,4,5-tetrabromodiazocyclopentadiene (116) or 2,5-diiododiazocyclopen- 
tadiene (117) to give the pentahapto complexes 118-120 in 70-76% yields 



o 


(113) X = Cl 

(114) X = Br 

(115) X = I 
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o 


(116) R = Br 4 

(118) 

R = Br 4 ; X 

(117) R = 2,5-I 2 

(119) 

R = Br 4 ; X 


(120) 

R = 2,5-I 2 



0 

(118) 


(67), In one example, the intermediate V-pentabromocyclopentadienyl- 
manganese pentacarbonyl (121) could be isolated. Upon melting 121 lib¬ 
erated CO and was converted to the pentahapto derivative 118. These 
results closely parallel the findings of Reimer and Shaver (64) for the 
pentachloro analogs, 

Herrmann also found that diazocyclopentadiene (99) reacted with rheni¬ 
um pentacarbonyl halides to give halo-substituted cyclopentadienylrheni- 
um tricarbonyl compounds (122-124) in 80-86% yields (68). Compounds 
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122-124 had previously been prepared by Nesmeyanov et al. (69, 70) 
through a four- or five-step sequence, in overall yields of less than 50%. 

N 2 + (CO)^ReX 

(99) 

(122) X = Cl 

(123) X = Br 

(124) X = I 

Iron and ruthenium carbonyl halides have proved useful in the synthesis 
of various halo-substituted cyclopentadienyl compounds of these metals 
(71). For example, diazocyclopentadienes 99 , 109 , and 116 reacted with 
tetracarbonyliodo(<r-perfluoropropyl)iron to give complexes 125-127 in 

R R 

N 2 + (CO) 4 Fe(C 3 F ? )I 

R R 

(99) R = H 
(109) R = Cl 
(116) R = Br 

N 2 + (CO) 4 FeX 2 

(99) 

(128) X = Br 








(129) X = I 
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[Ru(CO) 3 C1 2 ] 2 


(99) 



0 

(130) 


yields between 76 and 95%. Diazocyclopentadiene also reacted with 
(CO) 4 FeBr 2 and (CO) 4 FeI 2 to give 128 (1.6%) and 129 (58%), respectively. 
The analogous reaction for ruthenium occurred when [Ru(CO) 3 Cl 2 ]2 was 
treated with diazocyclopentadiene to give 130 in 18% yield. Compound 
128 reacted further with diazocyclopentadiene, giving 1,l'-dibromoferro- 
cene in 47% yield. 

Compound 129 was characterized by reactions with C 5 H 5 T1, CH 3 MgI, 
and C 6 H 5 MgBr to give 131 (34%), 132(17%), and 133(52%), respectively. 
The chemistry of these halo-substituted cyclopentadienylmetal complexes 
has not as yet been fully explored (e.g., coupling reactions, nucleophilic 
substitutions, etc.). 



Fe * 

/ I \ 

0 C C CH 3 


CH 3 MgI 




I 



(131) 


(129) 



( 132 ) 


( 133 ) 
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B. Halogen-Substituted Organothallium Reagents 

Wulfsberg and West (72, 73) have synthesized thallium pentachloro- 
cyclopentadienide (134) as well as other M + C 5 C1 5 _ salts, and have studied 
their properties. The thallium salt 134 was obtained by the addition of 
thallium ethoxide to C 5 C1 5 H at -78°C in pentane. The remaining salts 
(135-140) were prepared by abstraction of the acidic hydrogen on C 5 C1 5 H. 
Compounds 134-140 are unstable above -15°C, especially 134, which 
ignites spontaneously in air or nitrogen with emission of orange light. 

Cl 

Cl 1 Cl 
T1 

(134) 


(n-C 3 H ? ) 4 N 

( n - C 4 H 9 ) 4 N 

(n " C 7 H 15 ) 4 N 
(C 2 H 5 ) 3 NH 

<n-C 4 H 9 ) 4 P 
C 5 H 5 N-CH 3 

Unfortunately, all attempts to convert these anions with transition metal 
halides to perchlorocyclopentadienyl complexes failed. However, 134 
proved to be a useful reagent in the synthesis of some <r-bonded organo- 
mercury compounds. For example, Hg(C 5 Cl 5 ) 2 , C 5 Cl 5 HgCl, C 5 Cl 5 HgCl • 
HgCI 2 , and C 6 H 5 HgC 5 Cl 5 were prepared by Wulfsberg and West. 

Rausch and Conway (74, 75) have recently prepared organothallium 
reagents of the type C 5 H 4 XT1 (where X = Cl, Br, or I), and used these 
in the synthesis of halo-substituted cyclopentadienylmetal complexes. Thal¬ 
lium cyclopentadienide reacted with A'-chlorosuccinimide, /V-bromosucci- 
nimide, or iodine to give the intermediate halocyclopentadienes 141-143, 


V 1 

:1 M C ' 

Cl Cl 


ci-f\ 7)- ci + tioc 2 h 5 


-78 C 


Cl 

ci -^ cl 
Cl Cl 


(135) M 

(136) M 

(137) M 

(138) M 

(139) M 

(140) M 
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which on treatment with thallous ethoxide produced thallium chlorocyclo- 
pentadienide (144) (72%), thallium bromocyclopentadienide (145) (96%), 
and thallium iodocyclopentadienide (146) (89%), respectively. The thermal 
and oxidative stabilities of the C 5 H 4 XT1 compounds were found to fall in 
the order (for X = Cl, Br, I): Cl > Br > I. 



(141) 

X = Cl 

(142) 

X = Br 

(143) 

X = I 



o- x 

» 

T1 

(144) X = Cl 

(145) X = Br 

(146) X = I 


Organothallium reagents 144-146 reacted with an equimolar mixture 
of dicobalt octacarbonyl and iodine to produce the corresponding (r? 5 -halo- 
cyclopentadienyl)dicarbonylcobalt derivatives 147 (54%), 148 (57%), and 
149 (12%), respectively. 


0" X + Co 2 (CO) 8 /:[ 2 

I 

T1 


O x 

Co 

/ \ 


C 


0 


(144) X = Cl 

(145) X = Br 

(146) X = I 


(147) X = Cl 

(148) X = Br 

(149) X = I 



28 


D. W, MACOMBER et al. 


Treatment of 148 with rt-butyllithium followed by cobaltous chloride 
gave a mixture of (^ 5 -C 5 H 5 )Co(CO) 2 (41%) and the fulvalene dicobalt 
compound 150 (28%). The molecular structure of 150, as revealed by an 
X-ray structural analysis, showed the dicarbonylcobalt moieties on opposite 
sides of the planar fulvalene ring system (76). 



(148) 


C C 

(h 5 -C [ -H [ - )Co(CO)_ + Co 

5 5 2 / \ 


(12) (150) 


The utility of 144-146 in the synthesis of a wide variety of other (tj 5 - 
halocyclopentadienyl)-transition metal compounds has also been demon¬ 
strated, including derivatives of titanium, manganese, iron, rhodium, nickel, 
and copper (74, 75). 


IV 

NITROGEN- AND PHOSPHORUS-CONTAINING COMPOUNDS 

A. Nitrogen Compounds 

In 1900 Thiele (30) obtained the first cyclopentadienylmetal compound, 
sodium nitrocyclopentadienide 151, from a reaction between cyclopenta- 
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diene and ethyl nitrate in the presence of sodium ethoxide. Kerber and 
Chick (77) used this same procedure to prepare 151 in yields of 16-21%. 
More recently, the lithium salt (152) was prepared from lithium cyclo- 
pentadienide and ethyl nitrate in THF (78). 



+ C 2 H 5 0N0 2 


NaOC 2 H 5 

C 2 H 5 OH 



no 2 


Na 


+ 


(151) 



+ 


C 2 H 5 ON °2 


THF 



no 2 


Li 


+ 


(152) 


Sodium nitrocyclopentadienide (151) has not proved useful in the syn¬ 
thesis of 7 / 5 -nitrocyclopentadienyl-transition metal complexes. Attempts to 
synthesize l,l'-dinitroferrocene by the reaction of ferrous chloride with 151 
were unsuccessful (79). Compound 151 is much less reactive toward tran¬ 
sition metal halides than is sodium cyclopentadienide itself. This is most 
likely due to the increased stability of a resonance stabilized anion, as 
shown below. 



Compounds 151 and 152 did react with [Rh(CO) 2 Cl] 2 to give (?/ 5 -ni- 
trocyclopentadienyl)dicarbonylrhodium (153) in yields of 22-30%, how¬ 
ever. An X-ray diffraction study has shown that the nitrocyclopentadienyl 
ligand is significantly nonplanar (78). 
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(151) M = Na (153) 

(152) M = Li 


Bernheim and Boche (SO) have prepared lithium /V,/V-dimethylamino- 
cyclopentadienide (154) in almost quantitative yield, and were able to 
convert this product to bis(dimethylamino)ferrocene (155). Compound 154 
is the only amino-substituted cyclopentadienide salt known. 


C c H c Li + COO^N-OSO-CH, 
b b 3 2 2 3 



N(CH 3 ) 2 


n-BuLi 


^-n (ch 3 ) 2 

Li + 

(154) 


0.5 FeCl 2 
THF 



n(ch 3 ) 2 


Fe 

O’" 


(CH 3 } 2 


(155) 


Pauson and Osgerby {46) found that dimethylaminomethylferrocene 
reacted with excess lithium metal to produce lithium cyclopentadienide 
and the amino-substituted anion 156, which were subsequently treated 
with ferrous chloride to produce ferrocene (15%), dimethylaminomethyl¬ 
ferrocene (36%), and l,r-bis(dimethylaminomethyl)ferrocene 
(157) (15%). 
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(157) 

Pauson et al . (81) also generated 156 in ether solution from the reaction 
of 6-dimethylaminofulvene with lithium aluminum hydride. Treatment of 
this solution with either ferrous chloride or cobaltous chloride gave 157 
and the cobalticinium analog 158 in yields of 58 and 78%, respectively. 



(157) 


(158) 
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6-Dimethylaminofulvene also reacted with an ethereal solution of meth- 
yllithium to give 159, which when treated with ferrous chloride gave the 
ferrocene derivative 160 in 71% yield. 



0.5 FeCl 2 

- '-*■ 


I 

Fe 

0-CHH, 


(159) 


CH_, 

I 3 

chn(ch 3 ) 2 


t 

CH. 


CH 3 ) 2 


(160) 

Knox and Pauson (82) obtained azoferrocenes (161, 162) via the azo- 
substituted cyclopentadienide anions (163, 164). 

N 2 + RLi 

(163) R = CH 3 

(164) R = C g H 5 




0.5 FeCl 



N=N-R 



N =N-R 


(161) R = CH 3 


(162) R = C g H 5 
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B. Phosphorus Compounds 

Spiro[ 2.4]hepta-4,6-diene (165) has been used to prepare both nitrogen- 
and phosphorus-containing cyclopentadiene compounds (83). Various nu¬ 
cleophiles reacted with 165 to give, after hydrolysis, substituted cyclopen- 
tadienes as shown below. When the anionic intermediates were allowed 
to react with ferrous chloride without prior hydrolysis, a series of substi¬ 
tuted ferrocenes were obtained. 



(165) 


+ PhpPLi 





PPh 2 



2 


0^ 

Fe 


PPh 2 


PPh 2 


(165) + Ph^AsLi 





AsPh„ 


Li 


Fe 

0 ^ 


AsPh, 


AsPh, 
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(165) 




0 ^ 


Li FeCl 


^ Fe 


A list of various cyclopentadienylphosphines is given in Table II. 
Mathey and Lampin (#6) prepared in situ the phosphine-substituted 
cyclopentadienide anion 166, which upon treatment with acetone at low 
temperature and subsequent hydrolysis gave 167 in ~~30% yield. 



(166) (167) 


Davison et al. (90) also generated 166 in situ , but starting with (di- 
methoxyethane)sodium cyclopentadienide instead of thallium cyclopenta¬ 
dienide. Compound 166 was then treated with cobaltous chloride, and the 
resulting cobaltocene oxidized and isolated as the hexafluorophosphate 
adduct (168) in 20% yield. 




Preparation 


Structure 


C 5 H 5 MgBr + ClP(OC 4 H 9 ) 2 
C5H5TI + C1P(C 6 H 5 ) 2 

c 5 h 5 ti + C1 2 PC 6 H 5 
C 5 H 5 T1 + C1P(CH 3 ) 2 

c 5 h 5 ti + ci 2 pch 3 

C 5 H 5 Na + C1CH 2 P(C 6 H 5 ) 2 
C5H5TI + C1PF 2 

c 5 h 5 ti + C1 2 PF 


Q- P(oc 4 H ,) 2 
Qr p(c 6 h 5 ) 2 

Qr p(CH 3 ) 2 

Ml CH ’ 

Qr PF - 

K2- pF 


II 


TED CYCLOPENTADIENES 

Yield (%) 

Properties 

Reference 

33 

Bp 80-81 °C (1 mm) 

84 

100 

Bp 65°C (5 X 10' 5 mm) 

85 , 86 

76 

Unstable 

85 

75 

Very unstable 

85 

-40 

Extremely unstable 

85 

50 

Polymerizes at 25°C 

87 

95-98 

Bp —12°C (8 mm) 

88 , 89 

85-90 

Air and temperature sensitive 

88 
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P(C 6 H 5 ) 2 + 0.5 CoCl 2 

Li + 

(166) 



Co 


P(C 6 H 5 ) 2 


• P(C 6 H 5 ) 2 


1 . [03 

2. NH 4 PF 6 


P(C 6 H 5 ) 2 


Co + I 

0 P(C 6 H 


5 J 2 


(168) 


Compound 166 reacted with Cr(CO) 6 (diglyme, reflux), Mo(CO) 6 (diox- 
ane, reflux), or W(CO) 6 (diglyme, reflux) to give a series of group VIB 
tetracarbonyl derivatives (169-171). 


€r c ' H 


5 ^ 2 


l + 

Co PF, 


M (CO ), 



P < C 6 H 5 ) 2 


■ 5 ) 2 


Or^ 

i + \ 

Co PF , M(C0) 


0^ (C 6 H 


5 J 2 


(168) 


(169) M = Cr 

(170) M = Mo 

(171) M = W 


Schore (91) has recently isolated and studied the chemistry of some 
phosphine-substituted cyclopentadienide anions. Lithium [dimethyl- 
(diphenylphosphinomethyl)silyl]cyclopentadienide (172) was obtained in 
63% overall yield. 
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THF 


(C,H c )~P-CH_Li-TMEDA 
b 5 2 Z 


(CH 3 ) 2 SiCl 2 


-78 C 


[(C 6 H 5 ) 2 PCH 2 ] 2 Si(CH 3 ) 2 


[(C 6 H 5 ) 2 PCH 2 ]Si(CH 3 ) 2 Cl 


12 % 


79% 


1. c 5 h 5 li 

2. n-BuLi 


CH_. 

I 3 




-ch 2 p(c 6 h 5 ) 2 


Li + 


(172) 


Compound 172 reacted with ferrous chloride in ethyl ether or with (»/ s - 
C 5 H 5 )ZrCl 3 in THF to give complexes 173 and 174, respectively. 


(172) + 0.5 Feci, 


Et 2 0 


Fe 



Si(CH 3 ) 2 CH 2 P(C 6 H 5 ) 2 


Si(CH 3 ) 2 CH 2 P(C 6 H 5 ) 2 


(173) 


(172) + (h -C 5 H 5 )ZrCl 3 



Si(CH 3 ) 2 CH 2 P(C 6 H 5 ) 2 


( 174 ) 
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Bimetallic complexes were obtained by coordination of the free phos¬ 
phine in 173 or 174 to a second metal center. 



0.5 Fe 2 (CO) 


2 P(C 6 H 5 ) 


9 


(172) 



Si(CH 3 ) 2 CH 2 P(C 6 H 5 ) 2 
Fe(CO) 4 


Recently Rausch and Edwards (75, 92) have synthesized a useful phos¬ 
phine-substituted cyclopentadienylthallium reagent. Diphenylphosphino- 
cyclopentadiene, which was generated in situ according to the method of 
Mathey and Lampin (S6), was treated with thallium ethoxide to give di- 
phenylphosphinocyclopentadieny lthallium (175). This organothallium 
reagent (175) when treated with (7j 5 -C 5 H 5 )TiCl3 gave the phosphine-sub¬ 
stituted titanocene dichloride (176). The bimetallic complex (177) was 
subsequently prepared from 176 and (7; 5 -C 5 H5)Mn(CO)2THF. 


O- 

i 

T1 


P( C 6 H 5 ) 2 + 


(h -C 5 H 5 )TiCl 3 



P(C 6 H 5 ) 2 


(175) 


(176) 



(h -C 5 H 5 )Mn(CO) 2 THF 


( 176 ) 




’ N Mn 


P(C 6 H 5 ) 2 


l\ 

C O 


( 177 ) 
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V 

OLEFINS (ORGANOMETALLIC MONOMERS) 


A. Olefins Derived from Fulvenes 


Schlenk and Bergmann (95) first observed sodium isopropenylcyclopen- 
tadienide (178) as the product of a reaction between 6,6-dimethylfulvene 
and triphenylmethylsodium. Although 178 was not isolated or fully char¬ 
acterized in this study, triphenylmethane (179) was identified as one of the 
reaction products. 



(C^-H-KC" Na + 
obi 


CH2 + (C 6 H 5 } 3 CH 

Na + 


(178) 


(179) 


6-Methyl-1,2,3,4-tetraphenylfulvene (180) condensed with quinoline-4- 
carbonal in the presence of sodium methoxide to give compound 181 (94). 
Presumably, sodium methoxide removed a proton from the 6-methyl group 
of 180 to give the intermediate 182 which rapidly condensed with the 
carbonyl compound. 



( 181 ) 
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( 182 ) 

Knox and Pauson (95) have prepared l,r-diisopropenylferrocene in 
—60% yield from 6,6-dimethylfulvene, sodium amide, and ferrous chloride. 
The intermediate, sodium isopropenylcyclopentadienide (178), was not iso¬ 
lated. A similar reaction to prepare 1,1-divinylferrocene from 6-methyl- 
fulvene was reported to give only polymeric ferrocenes. 



Hine and Knight (96) generated in situ potassium isopropenylcyclopen¬ 
tadienide (183) from 6,6-dimethylfulvene and potassium /-butoxide in di- 
glyme. As with all the previous preparations, 183 was not isolated. 

The isolation of lithium isopropenylcyclopentadienide (184) has been 
achieved by Schore and LaBelle (97) from a reaction between 6,6-dimethyl¬ 
fulvene and diphenylphosphinomethyllithium in ethyl ether or THF solu¬ 
tion. Compound 184 was also formed in an NMR experiment from 6,6- 
dimethylfulvene and lithium diisopropylamide in THF-</ 8 . 
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(184) 


Recently, Rausch and Macomber (48, 75, 98) synthesized both 184 and 
lithium vinylcyclopentadienide (185), and have used these reagents in the 
synthesis of a wide variety of organometallic monomers. 6,6-Dimethylful- 
vene and 6-methylfulvene reacted with lithium diisopropylamide in THF 
at 25°C to produce lithium isopropenylcyclopentadienide (184) and lithium 
vinylcyclopentadienide (185), respectively, in yields of 80-90%. Both prod¬ 
ucts could be isolated as air-sensitive white solids. 



(185) 


(j; 5 -Vinylcyclopentadienyl)metal compounds have been formed in 15- 
93% yields from reactions of 185 and various transition metal substrates, 
including titanium, molybdenum, tungsten, cobalt, rhodium, iridium, and 
copper. For example, the series of (tj 5 -C 5 I 1 4 CH =CH 2 )M(CO) 2 compounds 
(186-188) has been prepared from 185 and the appropriate metal carbonyl 
halide (48, 75, 98). 
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®' CH ‘ CH2 


+ XM(CO) 

n 


^- CH=CH 2 

M 

/\ 


Li + 

o c 

c o 

(185) 

(186) 

2 

II 

n 

0 


(187) 

n 

73 

zr 


(188) 

M = Ir 


Some of these organometallic monomers have been homo- and copoly¬ 
merized under free-radical conditions. The resulting polymers have poten¬ 
tial as catalysts, UV absorbers, or semiconductors. 

Fulvenes have been found to react directly with various metal carbonyls 
to give olefins. Altman and Wilkinson (99) treated various fulvenes with 
dicobalt octacarbonyl to give mixtures of alkenyl- and alkylcyclopenta- 
dienylcobalt dicarbonyls. For example, 6,6-dimethylfulvene reacted with 
dicobalt octacarbonyl to give (?j 5 -isopropenylcyclopentadienyl)dicar- 
bonylcobalt (189) and (? 7 5 -isopropylcyclopentadienyl)dicarbonylcobalt (190) 
in a combined yield of 77%. 



+ 


Cc> 2 ( CO) 8 


ch 3 

0"' =c " 2 

r ' 

Co + 

/ \ 

Co 

/ \ 

n 

n 

o 

0 C C I 

(189) 

(190) 


Hoffman and Weiss (100) found that a number of fulvenes reacted with 
vanadium hexacarbonyl to give good yields of (^-alkenylcyclopenta- 
dienyl)tetracarbonylvanadium compounds. For example, 6-methylfulvene 
reacted with vanadium hexacarbonyl to give the vinyl monomer (191) in 
68% yield. 
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(191) 


B. Other Methods of Preparation 

Another less practical method for the synthesis of vinylcyclopentadienyl 
monomers has recently been described by two independent research groups. 
Eilbracht et al. (101) reported that spiro[2.4]hepta-4,6-diene(165) reacted 
with Co 2 (CO) 8 to give 192 (35%), 186 (30%), and 193 (7%). These com¬ 
pounds were separated by column chromatography. 



(192) (186) (193) 

The spirohydrocarbon 165 was also used by Gladysz et al. (102). The 
cocondensation of iron atoms with 165 gave ferrocenes (194-197) in a 
combined yield of 44%. Likewise, when 165 was condensed with cobalt 
atoms followed by carbon monoxide, compounds 192 and 186 were obtained 
in a combined yield of no greater than 1%. 



(194) 


(195) 


(196) 


(197) 
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The above methods involving the use of 165 give mixtures of compounds 
which require tedious separation to obtain the pure monomers. 

Sneddon el al. (103, 104) have reported that the reaction of tetracy- 
anoethylene with thallium cyclopentadienide resulted in the formation of 
thallium tricyanovinylcyclopentadienide (198) in 90% yield. 

CgHgTl + (CN) 2 C=C(CN) 2 -► T1 + [C 5 H 4 C(CN)C(CN) 2 ]' 


(198) 

Reactions of 198 with BrMn(CO) 5 , C1 CuP(C 6 H 5 ) 3 , or (j/ 5 -C 5 H 5 )Fe(CO) 2 l 
in THF gave, respectively, 199 (6.2%), 200 (8.1%), and 201 (2.7%). 

(198) + BrMn(CO) 5 -► [h 5 -C 5 H 4 C(CN)C(CN) 2 ]Mn(CO) 3 

(199) 

(198) + C1CuP(C 6 H 5 ) 3 -► [h 5 -C 5 H 4 C(CN)C(CN) 2 ]CuP(C 6 H 5 ) 

( 200 ) 

(198) + (h 5 -C 5 H 5 )Fe(CO) 2 I - 

[h 5 -C 5 H 4 C(CN)C(CN) 2 ]Fe(h 5 -C 5 H 5 ) 

( 201 ) 

Interestingly, when 201 was treated with C 5 H 5 T1, then with (ij 5 - 
C 5 H 5 )Fe(CO) 2 I, l,l-dicyano-2,2-diferrocenylethylene (203) was obtained 
in 15.7% yield. Presumably, the reaction proceeds via the intermediate 
organothallium compound ( 202 ). 


NC X ,CN 



( 201 ) 


( 202 ) 
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(h 5 -C c H [ -)Fe(CO) 
b b 



nc n ^CN 

Fe Fe 




(203) 


Katz and Mrowca (105) have found that dihydropentalene (204) reacted 
with thallous sulfate in aqueous potassium hydroxide to give thallium hy- 
dropentalenide (205) in quantitative yield. 



ti 2 so 4 


K0H/H 2 0 



(205) 


Similar to cyclopentadienylthallium, 205 reacted with various transition 
metal halides to give a number of derivatives. For example, the reaction 
of 205 with [RhCl(COD)] 2 gave complex 206 in 76% yield. When 206 was 
treated with n-butyllithium followed by either D 2 0 or benzophenone, com¬ 
pounds 208 and 209 were obtained. The pentalenylcycloocta-l,5-dienerho- 
dium anion (207) was postulated as the reactive intermediate. 




I 


COD 


n-BuLi 



COD 


(206) 


(207) 
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DjO or 
(C 6 H 5 ) 2 CO 





COD 

(208) R = D 

(209) R = (C c H I .) o C0H 

o b 2 


VI 

POLYMER-BOUND CYCLOPENTADIENYL COMPOUNDS 


Polymer-supported cyclopentadienyl compounds have been synthesized 
mainly for possible catalytic applications. In general, polystyrene-divinyl- 
benzene copolymers have been used as the polymer supports. Metals in¬ 
corporated into these polymers have included titanium, zirconium, haf¬ 
nium, iron, cobalt, and rhodium. 

The reaction of sodium cyclopentadienide with chloromethylated 20% 
cross-linked polystyrene-divinylbenzene copolymer gave complex 210 
(106). Treating 210 with methyllithium followed by (T 7 5 -C 5 H 5 )TiCl 3 gave 
the polymer-supported titanocene dichloride (211). 




•CHUCl + C 5 H 5 Na 




CH 2 C 5 H 5 


( 210 ) 


( 210 ) 


CH 3 Li 


(h -C 5 H 5 )TiCl 3 






Cl 



Ti 


\ 


Cl 


( 211 ) 
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Another method for attaching cyclopentadienyl groups to polymer back¬ 
bones involved bromination of the copolymer, halogen-lithium exchange, 
and reaction of the lithiated intermediate with cyclopentenone. Treatment 
of the cyclopentadiene-substituted copolymer with methyllithium followed 
by (7j 5 -C 5 H 5 )TiCl3 likewise gave a polymer-supported titanocene 
dichloride (212). 



( 212 ) 


Polymers 211 and 212 following reduction with n-butyllithium were 
found to be 25-120 times more active than the corresponding reduced, 
nonattached titanocene dichloride for the hydrogenation of cyclohexene. 

Brintzinger et al. (107) have obtained polymer-supported cyclopenta- 
dienylmetal carbonyl complexes of iron and cobalt. Treating a cyclopen- 
tadienyl-substituted polystyrene-divinylbenzene (18%) copolymer with 
Fe 2 (CO) 9 or Co 2 (CO) 8 gave complexes 213 and 214, respectively. 




Fe„(CO), 




Fe(CO)„H 


( 213 ) 
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JO 

(214) 

Brubaker et al. (108) have prepared 20% cross-linked polystyrene- 
divinylbenzene copolymer-attached (»; 5 -cyclopentadienyl )trichlorometal 
complexes of titanium ( 215 ), zirconium ( 216 ), and hafnium ( 217 ). Only 
the titanium polymer 215 showed catalytic activity in the hydrogenation 
of cyclohexene. 


TiCl 3 

(215) 


(216) M = Zr 

(217) M = Hf 

Polymers 211 and 215 have also been employed in the catalytic isom¬ 
erization of allylbenzene and 1,5-cyclooctadiene. Likewise, 211 and 215 
have effected the oligomerization of ethyl propiolate to a mixture of open 
and closed trimers (109). 

Polymer-attached cyclopentadienyldicarbonylcobalt ( 218 ) and polymer- 
attached cyclopentadienyldicarbonylrhodium ( 219 ) have been prepared 
from 210 (110). Rhodium polymer 219 was found to be an active catalyst 
for hydrogenating olefins and ketones, isomerizing olefins, and for the hy- 
droformylation of olefins. The cobalt polymer 218 had no catalytic activity 
in these processes. 

COjlCOjg, benzene, hv 
or Co 2 (CO) 8 , CH 2 C1 2 ,A 


( 210 ) 


1. n-BuLi 


2. TiCl. 


( 210 ) 


1. n-BuLi 


2. MC1 4 * 2py 


( 210 ) 


®-@- CH r@~ Co(CO) 



Functional Cyclopentadienyl Metal Compounds 


49 


( 210 ) 


1. n-BuLi 

2. [Rh(CO) 2 Cl] 2 


®“^^ CH 2 ^ 0 -Rh(C ° )2 


(219) 

Perkins and Vollhardt (777) formed a variant of polymer 218 by using 
3% cross-linked polystyrene-divinylbenzene. This polymer also had limited 
activity as a hydroformylation catalyst. Interestingly, however, the polymer 
proved to be quite active as a methanation and Fischer-Tropsch catalyst. 
By means of this catalyst, methane as well as C 3 -C 2 o hydrocarbons were 
produced from CO + H 2 (3 : 1, 75 psi, 25°C) at 190-200°C. 

Sekiya and Stille (772) have recently developed a new method for the 
preparation of polystyrene-bearing cyclopentadienylmetal complexes. The 
reaction of styrylmagnesium bromide with 2-norbornen-7-one gave, after 
hydrolysis, a 68% yield of syn- and awf/-7-(/)-styryl)norborn-2-en-7-ol 
(220). Compound 220 was chlorinated with HC1 to give a«f/-7-chloro-7- 
(p-styryl)norborn-2-ene (221) in 88% yield. The 7-methoxy analog (222) 
was prepared from the alkoxide of 220 and methyl iodide in 93% yield. 



( 221 ) 
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( 222 ) 


Both monomers 221 and 222 were copolymerized with styrene and di- 
vinylbenzene in the presence of a free-radical initiator to give copolymers 
223 and 224. 



(223) (224) 


Treating 223 with n-butyllithium or 224 with sodium-potassium alloy 
gave the polymer-supported cyclopentadienide anion (225). Upon treating 
225 with [Rh(CO) 2 Cl] 2 , polymer 226 was obtained. Hydrolysis of 225 with 
methanol followed by treatment of the resulting cyclopentadiene with 
Co 2 (CO) 8 gave polymer 227. 
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(226) 



© 



(225) 




(227) 


Polymer 226 was found to be both a hydrogenation catalyst and a hy- 
droformylation catalyst. The cobalt polymer 227 had only limited activity, 
and did not promote the Fischer-Tropsch synthesis of hydrocarbons from 
a 3 : 1 H 2 + CO mixture. 
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INTRODUCTION 

The hydridic character of boranes reflects the polarity of the B —H bond 
whereas the Lewis acidity of boranes reflects the fact that boron possesses 
fewer valence electrons than valence orbitals. However, polyhedral boranes 
exhibit more chemistry than simply forming hydrogen with protonic acids 
and donor-acceptor adducts with Lewis bases. The intracluster bonding 
in the polyhedral boranes results in behavior that might be considered 
uncharacteristic of monoboranes. That is, unbridged B —B bonds in boranes 
act as if they possess excess electron density and function as electron donors 
to Lewis acids. Hydrogen bridged borons in polyhedral boranes function 
as proton donors to bases, thereby producing reactive, unbridged B —B 
bonds. In addition, catenation in the boranes is characterized by a rich 
variety of cage structures ranging from single cages varying in “openness” 
to cages coupled by single bonds and to fused cages (Fig. 1). Such structural 
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(a) 


(ti) 




(c) 

O-bh 

% * B [no terminal H ] 
• - bridging H 


(c) 

3 * 



• -Au 0=Au(PR 3 ) 


Fig. 1 . Proposed or known structures of (a) B 5 H 9 (/), (b) 2,2'-(B 5 H 8 )2 (6), (c) «-B, 8 H 2 2 
(/), and (a') Ir 4 (CO), 2 (7), (b') Ir,(CO)|j ( 8 ), (o') [Au 9 (PR) 8 ] [PF 6 ] 3 (9), demonstrating 
single clusters, coupled clusters, and fused clusters for borane and metal systems. 


variation modulates and mixes the basic properties associated with boranes. 
This leads to a rich chemistry which is described in the standard works 
on this subject (7-5). 

Despite possessing a varied chemistry and many unique properties, much 
of the usefulness of boranes has been found in the underlying relationships 
with other areas of chemistry. One area in which the established principles 
of borane chemistry have had an impact is that of transition metal clusters 
(70-7 J). The synthesis and characterization of metal clusters is an area 
that is throbbing with activity at present (74) partly because it is new and 
largely unexplored but also because of the hypothesis that the behavior of 
metals in a cluster can mimic that of metal atoms on a surface of the bulk 
metal (75, 16). Like boranes, metal clusters possess properties that go 
beyond the simple behavior that might be associated with the fragments 
that make up the clusters. Also like boranes, metal clusters are found in 
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a variety of catenated arrays that (Fig. 1) are analogous to those exhibited 
by the boranes. The similarities between boranes and transition metal clus¬ 
ters were first defined by Wade (17) and Mingos (18). The result has been 
called the borane analogy , in which main group behavior is attributed to 
metal fragments; e.g., B 6 H6~ and Ru 6 (CO)fc (Fig. 2) are considered anal¬ 
ogous in that the cluster bonding properties of Ru(CO) 3 are similar to 
those of BH. As might have been expected, the cluster behavior of transition 
metals is much more varied than that of boranes, and various extensions 
and modifications of the borane analogy have since been proposed ( 19 , 20). 
Still, the boranes serve to provide a well-defined context in which the 
vagaries of the metal systems can be understood. They also suggest initial 
approaches to problems in the metal cluster area. For example, techniques 
found useful in manipulating the boranes, e.g., deprotonation, have been 
found to be very effective in metal systems as well (27). 

This article is concerned with compounds containing metal-boron bonds, 
i.e., metalloboranes. Considering the properties of boron, it is not surprising 
that the first metalloboranes to be prepared and characterized reflected the 
elementary properties of the boranes and the metals, i.e., the ability to 
form covalent and coordinate bonds. The earliest metal-boron compound 
with a coordinate bond is stated to be Li[(C 6 H 5 ) 3 BGe(C 6 H 5 ) 3 ] (22, 23 ), 
and simple covalent bond formation was first found in compounds like 
(Me 2 N) 2 BMn(CO) 5 (24). It is interesting to note that compounds of this 
type, e.g., (TPE) 2 Co(BR 2 ) 2 , may be viewed as related to carbenes and have 
been called borenes (22). Metal tetrahydroborates (BH2) have a much 
longer history than metalloboranes, but compounds with both organic and 
hydroborate ligands bonded to a transition metal are relatively recent ad- 




Fig. 2. Comparison of the skeletal structures of (a) B 6 H6 and (b) Ru 6 (CO)? 8 , illustrating 
the “borane analogy.” 
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ditions (25). Since the mid-1960s complex metalloboranes containing a 
great variety of transition metal fragments have been prepared and char¬ 
acterized (26). Examples of metalloboranes containing equal numbers of 
boron and metal atoms are now known (27). These metalloboranes are 
related to both borane and metal clusters and possess properties that reflect 
their parentage. The cluster view has been used to classify metalloboranes 
(28) and one objective of this article is to summarize the structures and 
behavior of these materials as clusters. 

The above account may convey a false sense of the history of metallo¬ 
boranes, though, since metalloborane chemistry grew both as a result of 
and in the shadow of metallocarborane chemistry. In the seminal work of 
Hawthorne (29) it was demonstrated that the five-atom open face created 
from an icosahedral carborane, e.g., l,10-C 2 B lo H 12 , by removal of one BH 
vertex bonds a transition metal fragment in a manner resembling the bond¬ 
ing of the t/ 5 -C 5 H 5 ligand (Fig. 3). Thus C 2 B 9 H ?7 is seen to function as 
a six-electron ir donor toward an appropriate transition metal fragment, 
e.g., (t/ 5 -C 5 H 5 )Fe + (30). When polyhedral metalloboranes appeared on the 
scene, it was clear that the borane fragments could be considered to function 
as electron donors toward metals in the same fashion (31). Thus they were 
classified in the same manner as hydrocarbon ligands (Fig. 4). Hence, 
another objective of this article is to review the ligand behavior of boranes 
and compare it with that of related hydrocarbons. 

Because boron is an electropositive element, like a transition metal, a 
borane fragment when bound to a metal fragment constitutes a ligand that 
in fact simulates a metal fragment. On the other hand, since boron is a 
first-row main-group element adjacent to carbon, it also mimics in a real 
sense an organic ligand. For this reason the metalloboranes (and metal- 
locarboranes) are seen to be related to both metal clusters and organo- 
metallic compounds with hydrocarbon ligands (10). This observation serves 



0=Bh 

(a) •=CH 



(b) 


Fig. 3. Schematic comparison of the bonding in C 5 H 5 (a) to that in the open face of 
1.2 -CjB.H? 7 (b) (29). 
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(a) (b) 

Fig. 4. Comparison of 7j 4 -(C 4 H 4 )Fe(CO) 3 (a) and Tj 4 -(B 4 H 8 )Fe(CO) 3 (b). 

rationally to connect two of the most vital areas of inorganic chemistry; 
organometallic ^-complexes and metal clusters. 

The paramount objective of this article is to dissect and analyze the 
relationship of metalloboranes to organometallic ^-complexes. This has 
already been done to some extent in a review by Grimes, which also included 
metalloheteroboranes that are related to organometallic complexes (32). 

A cursory survey of existing metalloboranes makes it obvious that a view 
derived simply from organometallic complexes is much too restrictive and 
that a comprehensive picture of metalloboranes must also consider their 
relationships to cluster systems (14) on the one hand and to metal hydro- 
borates (33) on the other. Despite an intimate relationship, we shall ignore 
the large class of metallocarboranes (as well as other metalloheteroboranes). 
This permits space for an in-depth look at compounds possessing the sim¬ 
plicity of only two types of atoms (boron and a metal) involved in the 
bonding relationship of primary interest. Information on metallocarboranes 
may be obtained from several past and current reviews (2, 27, 32 , 34-36). 
Though it is not the primary purpose of this article to provide an exhaustive 
compilation of metalloboranes and their properties, the review is reasonably 
comprehensive for the period from 1975 to mid-1981 and includes all per¬ 
tinent examples from earlier work. Other reviews containing information 
on metalloboranes but not mentioned above are available (37-49). 


II 

CHARACTERIZED METALLOBORANES 


A. Classification 

As noted in the introduction, metalloboranes have been classified both 
according to ligand behavior attributed to the borane via the requirements 
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of the metal fragment or cluster behavior attributed to the entire metal- 
loborane. Neither of these schemes comfortably includes all metallo- 
boranes, and thus a method of classification is used here that is based only 
on the number and type of metal-boron interactions. This phenomenolog¬ 
ical method of classification is independent of bonding model and so ac¬ 
commodates metal-ligand complexes as well as clusters. 

This classification scheme is defined as follows with examples of each 
class being shown in Fig. 5. Class 1 contains compounds in which the metal 
is bound to the borane (either mono- or polyborane) by a single two-center 
bond. In the case of a polyhedral borane the metal fragment would be an 
exopolyhedral substituent. Class 2 contains compounds in which the metal 
is bound to the borane only by one or more B—H —M bridge bonds and 
hence these compounds are formally related to metal hydroborates. Class 
3 contains compounds in which the metal fragment formally replaces a 
bridging hydrogen on an edge of a polyhedral borane so that the primary 



Fig. 5. Examples of the four classes of metalloboranes: (a) 1 (R 3 P) 2 (CO)Br 2 IrB 5 H 8 (178); 
(b) 2 (CO) 4 MnBjH 8 (51); (c) 3 (R 3 P) 2 CuB 5 H 8 (52-56); and (d) 4 t 7 5 -(C 5 H 5 )CoB 4 H 8 (57- 
591 
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metal-boron interaction involves two borons. Finally, class 4 contains com¬ 
pounds in which the metal fragment interacts with three or more borons 
per metal atom. In these compounds the metal can be naturally viewed as 
a part of the cluster defined by the boron atoms. Where appropriate the 
cluster designation according to the borane analogy (see Section IV) is 
indicated for metalloboranes of class 4. 

Table I lists characterized metalloboranes organized according to: (a) 
the number of borons in the principal borane unit in the compound; (b) 
the number of metal atoms in the compound; and (c) the type of metal 

TABLE I 


Selection of Known Metalloboranes 


Compound" 

Class 6 

Structure' 

References 

One boron 




M, Be(BH 4 ) 2 

2 

S, E, M 

60-65 

B 5 H,oBeBH 4 

2(2), 4 

X, S, M 

66-69 

Al(BH 4 ) 3 

2 (2) 

S, E, P 

70-74 

HGa(BH 4 ) 2 

2 (2) 

S 

75 

Cp 2 TiBH 4 

2 (2) 

E, S 

76 , 77 

Zr(BH 4 ) 4 

2(3) 

X, S 

78-81 

Cp 2 Zr(BH 4 ) 2 

2 

S 

82 ; S3 

Cp 2 VBH 4 

2 (2) 

S 

84 

Cp 2 NbBH 4 

2 (2) 

S 

84 

Cr(BH 4 ) 2 • 2THF 

2 (2) 

S 

85 

(CO) 4 MoBH 4 

2 (2) 

X, S 

86 

(CO) 5 MnBH 4 

2 

S 

87 

(CO) 5 MnBH7 


S 

88 

(CO) 5 ReBH 3 


S 

88 

(R 3 P) 2 Rh(H) 2 (BH 4 ) 

2 (2) 

S 

89 

(R 3 P) 2 Ir(H) 2 (BH 4 ) 

2 (2) 

S 

89 , 90 

(R 3 P) 2 Ni(H)(BH 4 ) 

2 (2) 

X, s 

91 

(R 3 P) 3 CuBH 4 

2 (1) 

X, s 

92 , 93 

(R 3 P) 2 CuBH 4 

2 (2) 

X, s 

94-96 

Zn(BH 4 ) 2 

2 

s 

97 , 98 

Hf(BH 4 ) 4 

2(3) 

s 

99 

Cp 2 Hf(BH 4 ) 4 

2 

s 

100 

U(BH 4 ) 4 • nOR 

2(2, 3) 

X, s 

lOl, 104 

Cp 2 U(BH 4 ) 2 

2(3) 

X, s 

105 

Cp 3 U(H 3 BR) 

2(3) 

s 

106 

Np(BH 4 ) 4 

2(3) 

X, s 

107 

M 3 (CO) 9 Co 3 BNR 3 

4 

X, s 

108 , 109 

M 4 (CO) 12 Ru 4 (H)BH 2 

4 

s 

110 

(CO) l2 Fe 4 (H)BH 2 

4 

X, s 

111 

M 6 (CO) t8 Co 6 B 

4 

s 

108 


Continued 
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Compound" 

Class 6 

Structure* 

Reference 

Two boron 

M, (CO) 4 FeB 2 Hl 

3 

S 

112 

Cp(CO) 2 FeB 2 H 5 

3 

X, S, M, P 

U3 y 114 

M : Cp' 2 Nb 2 (B 2 H 6 ) 2 

2(4) 

X, S 

115 

(CO) 6 Fe 2 B 2 H« 

2(4) 

S, M, P 

116-118 

Mj (CO)i„Mn 3 H(B 2 H 6 ) 

2 (6) 

X, S 

119 

(CO),Ru 3 (B 2 H 6 ) 


S 

110 

Three boron 

M, Be(BjH g ) 2 

2 (2) 

X, S 

120-122 

(CH 3 ) 2 A1BjH 8 

2 (2) 

S 

123 

(CH 3 ) 2 GaB 3 H 8 

2 (2) 

s 

123 

Cp 2 TiB 3 H 8 

2 

s 

124 

(CO) 4 CrB 2 H,- 

2 (2) 

X, s 

125 , 126 

(CO) 4 MoB 3 H 8 

2 

s 

125 

(CO) 4 WB 3 H 8 

2 

s 

125 

(CO) 3 MnB 3 H 8 

2(3) 

X, s 

5/, 127 , 128 

(CO) 4 MnB 3 H 8 

2 (2) 

S, M 

51, 129 

(CO) 4 MnB 3 H 7 Br 

2 (2) 

X, s 

130 

(CO) 4 ReBjH, 

2 (2) 

s 

51 

Cp(CO) 2 MoB 3 H 8 

2 (2) 

s 

51 

Cp(CO) 2 WB 3 H 8 

2 (2) 

s 

51 

Cp(CO)FeB 3 H 8 

2 (2) 

s 

51 

(CO) 4 (H)FeB 3 H 8 

2 (2) 

s 

51 

(R 3 P ) 2 ( H X CO)Ir B 3 H 7 

4(a) 

s 

131 

(R 3 P) 2 NiB 3 H 7 

4(n) 

s 

132, 133 

(R 3 P) 2 PtB 3 H, 

4(n) 

X, S, M, P 

129, 132, 133 

(R 3 P) 2 PdB 3 H 7 

4(n) 

s 

132, 133 

(R 3 P) 2 CuB 3 H 8 

2 (2) 

X, s 

134-139 

M 2 (CO) 6 (Br)Mn 2 B 3 H 8 

2(4) 

X, s 

140 

(CO) 6 Fe 2 B 3 H 7 

4(n) 

X, S, M, P 

118, 141, 142 

M 3 (/£ 3 -CO)-l,2,3-Cp 3 Co 3 B 3 H 3 

4(c) 

S 

143 

l,2,3-Cp 3 Co 3 B 3 H 5 

4(c) 

X, s 

144, 145 

1,2,3-[Cp 2 Co 2 (CO) 4 Fe]B 3 H 3 

4(c) 

s 

146 

Four boron 

M, A1B 4 H m 

4 

s 

147 

l-(CO) 3 FeB 4 H 8 

4(n) 

S, M, P 

41, 148-152 

l-CpCoB 4 H 8 

4(n) 

S 

57, 58 

2-CpCoB 4 H 8 

4(n) 

X, S 

57-59, 146 

(R 3 P) 2 (CO)lrB 4 H 9 

4(a) 

X, s 

153 

(R 3 P) 2 RhB 4 H, 

4(n) 

s 

153 

(R 3 P) 2 CuB 4 H, 

4(a) 

s 

154 

Mj l,2-Cp 2 Co 2 B 4 H 6 

4(c) 

X, s 

57, 146, 155 

Mj Cp 3 Co 3 B 4 H 4 

4 

X, s 

156 a , b 

Cp 3 Co 3 B 4 H 4 

4 

X, s 

157b 

M 4 Cp 4 Co 4 B 4 H 4 

4(c) 

X, S, M 

158, 159 

Cp 4 Ni 4 B 4 H 4 

4(c) 

X, S, M 

159-161 


Continued 
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TABLE I ( Continued) 


Compound 0 

Class 6 

Structure 4 " 

Reference 

Five boron 

M, CpBeB 5 H 8 

3 

X, S, M 

66, 162 , 163 

BjHjoBeBsHio 

4 

X, S, M 

66-69 

A1B 5 H 12 

4 

S 

147 

2-(CO) 3 MnB 5 H 10 

4(n) 

s 

164 

2-(CO) 5 MnB 5 H 8 

1 

s 

165 

2-(CO) 5 ReB 5 H 8 

1 

s 

165 

2-Cp(CO) 2 FeB 5 H 8 

1 

s 

166 

2,2'-Fe(B 5 H )0 ) 2 

4 

s 

167 

2-(CO) 3 FeB 5 H 9 

4(n) 

S, M, P 

149 ; 168-171 

2-(CO) 3 FeB 5 H 8 

4(n) 

X, s 

167 

2 -CpFeB 5 H , 0 

4(n) 

s 

172-173 

l-CpFeB 5 FI,o 

4(n) 

s 

172-173 

(CO) 3 Fe(CO) 2 B s H 3 

4(c) 

s, P, M 

149 , 174 , 175 

l-CpCoB 5 H 9 

4(n) 

S 

176 

2-(CO) 3 CoB 5 H 8 

4(n) 

s 

167 , 177 

(R 3 P) 2 (CO)IrB 5 H 8 

4(n) 

x, s 

50 

(R 3 P) 2 (CO)Br 2 IrB 5 H 8 

1 

x, s 

178 , 179 

(dppe)(Cl)NiB 5 H 8 

3 

s 

180 , 181 

(CO) 3 Ni[B 5 H 8 P(CF 3 ) 2 ] 

1 

s 

182 

(R 3 P) 2 ClPtB 5 H 8 

3 

s 

183 

(R 3 P) 2 ClPdB 5 H 8 

3 

s 

183 

(RjP) 2 CuB s H 8 

3 

X, S, M 

52-56 , 170, 184 

(R 3 P) 2 AgB 5 H 8 

3 

s 

184 

(R 3 P)ClCdB 5 H 8 

3 

s 

185 

Hg(B 5 H 8 ) 2 

3 

s 

186 

M 2 2,4-[Cp(CO) 2 Fe] 2 B 5 H 8 

1 

s 

166 

(R 3 P) 2 CuB 5 H 8 Fe(CO ) 3 

2, 3,4 

X, s 

187 

M 3 Cp 3 Co 3 B s H 5 

4 

s 

188 

M 4 Cp 4 Ni 4 B 5 Hs 

4(n) 

s 

161 

Six boron 

M, A1B 6 H >3 

4 

s 

147 

(THF) 2 Mg(B 6 H ,) 2 

3 

X, s 

189 , 190 

(R 3 P) 2 CuB 6 H, 

2,3 

s 

191 

(CO) 4 FeB 6 H 10 

3 

S, M 

171 , 192, 193 

Cl 2 Pt(B»H | 0 ) 2 

3 

X, s 

193 , 194 

M 2 (R 3 P) 2 Pt 2 (B 6 H ,) 2 

4 

x, s 

195 

Seven boron 

M, (CO) 4 FeB 7 H 7 2 

3 

X, s 

196 

Eight boron 

M, (CO) 3 MnB 8 H , 3 

2(3) 

X, s 

197 

4-(R 3 P) 2 PtB 8 H l2 

4(a) 

X, s 

198 

M 2 6,9-[(R 3 P) 2 Pt] 2 B 8 H | 2 

4(a) 

X, s 

198 

6,9- and 5,7-Cp 2 Co 2 B 8 FI | 2 

4(n) 

X, s 

157a , 

1, 6 -Cp 2 Ni 2 B 8 H 8 

4(0 

s 

161 


Continued 
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TABLE l ( Continued) 


Compound 0 

Class 6 

Structure r 

Reference 

Nine boron 

M, 6 -(CO) 3 MnB 9 H | 2 *THF 

4(n) 

X, S 

199 

6 -CpCoB 9 H i 3 

4(n) 

S 

200 

6 -Cp'CoB 9 H 1 3 

4(n) 

X, S 

157a , c 

5-CpCoB 9 H) 3 

4(n) 

X, s 

57 , 200-202 

2 -CpCoB 9 H, 3 

4(n) 

s 

176 

2 -CpNiB,H; 

4(c) 

s 

203 

!-CpNiB,H; 

4(c) 

s 

203 

Ten boron 

M, H 2 AIB io H7 2 

4 

s 

204 

(CH 3 ) 2 lnB l 0 H7 2 

4 

s 

205 

(CHj) 2 T1B,„H72 

4 

X, s 

206 

6 -Cp(CO) 2 FeB 10 H j 3 

1 

s 

207 

2-CpFeBioH j 5 

4 

s 

172 

(R,P) 2 (CO)lrB,„H 1J 

4(n) 

s 

208 

Ni(B|„H| 2 ) 2 “ 

4 

X, S, M 

209 , 210 

(RjPJjPtB.oHn-OCjH, 

4(n) 

s, P 

211 

Zn(B|„H| 2 ) 2 “ 

4 

X, s 

212 , 213 

M 2 Cp 2 Ni 2 B| 0 H | 0 

4(c) 

s 

161 , 214 

[(RjP) 2 Cu] 2 B|„H|„ 

4 

X, s 

138a, b 

Eleven boron 

M, CpNiB n H 7 , 

4(c) 

s 

214 

Eighteen boron 

M, (CO) 3 CoB ib H 2 ' 2 

4 

s 

215a 

Twenty boron 

M, (RjP) 2 PtB 20 H 24 


X, s 

215b 


a Cp * tj 5 -C 5 H s ; Cp' = t? 5 -C 5 (CH 3 ) 5 ; dppe = l, 2 -bis(diphenylphosphine)-ethane; R, see 
specific reference. 

6 a * arachno; n * nido; c = closo: For class 2 the number in parentheses is the number 
of BHM interactions per ligand. 

r Geometric and electronic structural data: X ■ single crystal X-ray diffraction: S * spec¬ 
troscopic, usually n B NMR and IR; E = electron diffraction, gas phase; M * molecular 
orbital calculations; P — UV or X-ray photoelectron spectra. 


atom. For each the basic type of metal-boron interaction is indicated by 
the classification scheme defined above. Note that even with this general 
scheme there is the occasional odd compound that does not quite fit. The 
table does not list every derivative prepared but does give an example of 
each type of metalloborane known. A cursory look at Table I demonstrates 
that although most metalloboranes contain a single metal atom, the number 
of compounds containing multiple metal atoms is significant and has in- 
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creased substantially in recent years. There is at least one example of a 
metalloborane containing one through eleven borons although the most 
numerously exemplified categories are B,, B 3 , B 5 , and B 10 . In support of 
the introductory remarks, there is great variety in the nature of the metal- 
boron interaction, particularly in the B 5 category. The table demonstrates 
that boron interacts with a large number of different metals and there is 
no indication that boron refuses to bond in some manner to any 
given metal. 

Inspection of the table also shows that in terms of numbers of compounds 
there exist preferences for bonding types that depend on the size of the 
borane. For example, class 2 interactions are illustrated for compounds 
containing one, two, three, and eight borons and class 3 interactions are 
shown for two, five, six, and seven borons. This apparent dependence of 
the metal-boron bonding on borane size has been pointed out in an earlier 
review (41). There is, however, sufficient variation in bonding type within 
each category to lead one to suspect that no type is intrinsically unfavored 
for any size of borane. The question of whether the apparent preferences 
observed reflect real bonding preferences as a function of size or whether 
they reflect presently available preparative routes remains to be answered. 


B. Preparative Methods 

The methods by which the metalloboranes in Table I have been syn¬ 
thesized are many and varied. Although it cannot be said that metallo¬ 
boranes can be prepared at will, there are rational routes to some com¬ 
pounds, usually those containing a single metal atom. A significant number 
of the compounds resulted from serendipitous routes but it must be kept 
in mind that these “unusual” methods contain the seeds of future syntheses. 
A sampling of the various routes to metalloboranes is given below. 


1. Direct Ligand Substitution 

This method utilizes the Lewis basicity of the B—B bond in either a 
neutral borane or the salt of a borane anion prepared by deprotonation of 
a neutral borane as indicated in Eqs. (l)-(3) (52-56, 192, 193). 

Fe 2 (CO) 9 + B 6 H|q - M-[(CO) 4 Fe]B 6 H, 0 (1) 

B 5 H 9 + KH — KB 5 H 8 4- H 2 (2) 

[(C 6 H 5 ) 3 P] 3 CuCl 4 KB 5 H 8 - m-[(C 6 H 5 ) 3 P] 2 CuB 5 H 8 4- P(C 6 H 5 ) 3 4- KC1 (3) 
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The yield of reaction (1) is 77% while that of reaction (3) is 80%. Depro¬ 
tonation also provides a route to the expansion of the borane portion of 
a previously existing metalloborane, Eqs. (4) and (5) (196) 

(CO) 4 FeB 6 H l0 + KH — * K(CO) 4 FeB 6 H 9 + H 2 (4) 

(CO) 4 FeB 6 H 9 + ViB 2 H 6 — (CO) 4 FeB 7 Hr 2 (5) 

as well as to metalloboranes containing two metal atoms, Eqs. (6) and 
(7) (187) 

(CO) 3 FeB 5 H 9 + KH -* K(CO) 3 FeB 5 H 8 + H 2 (6) 

K(CO) 3 FeB 5 H 8 + [(C 6 H 5 ) 3 P] 3 CuC1 - (CO) 3 FeB 5 H 8 Cu[P(C 6 H 5 ) 3 ] 2 + P(C 6 H 5 ) 3 + KCi 

(7) 

Note, however, that reaction of B 5 Hg with a source of a metal fragment 
does not always yield a ^-derivative. In some cases rearrangement to a 
more stable isomer readily occurs under the reaction conditions, e.g., to 
a class 1 derivative, Eq. (8) (166) 

KB 5 H 8 + (7? 5 -C 5 H 5 )(CO) 2 FeI — 2-( T f 5 -C 5 H 5 )(CO) 2 FeB 5 H 8 + KI (8) 

or to a class 4 derivative, Eq. (9) (50). 

KB 5 H 8 + Ir(CO)Cl[P(C 6 H 5 ) 3 ] 2 - [(C 6 H 5 ) 3 P] 2 (CO)IrB 5 H 8 + KCI (9) 

Deprotonated boranes have also been successfully treated with the pre¬ 
cursors of the metal fragments as in Eq. (10) (57, 161). 

B 5 H 8 + CoCl 2 + C 5 H 5 — 2-(tj 5 -C 5 H 5 )CoB 4 H 8 (10) 

Note that in this reaction FeCl 2 , CoCl 2 , and NiBr 2 give totally different 
isolated products. In this preparative approach cage degradation is more 
prevalent in the smaller boranes than the larger, i.e., B 5 boranes yield few 
B 5 products while B 10 boranes yield mostly B I0 products. Hydroborates, 
both with one and three borons, can be prepared by the direct reaction of 
the salt of the borane with an appropriate metal halide as in Eq. (11) (57). 

(CO) 4 MnCl + NaB 3 H 8 — (CO) 4 MnB 3 H 8 + NaCl (11) 

Such reactions proceed with reasonable yields. The same type of reaction 
carried out in the presence of a base yields the “borallyl” complexes [Eq. 
(12)] (732, 133) 

(C 2 H 5 ) 3 N + (R 3 P) 2 PtCl 2 + B 3 H 8 — (R 3 P) 2 PtB 3 H 7 + Cl" + (C 2 H 5 ) 3 NHC1 (12) 


2. Activation of Metal Carbonyls 

Thermal activation of Fe(CO) 5 yields a variety of ferraboranes. The 
direct preparation of (CO) 3 FeB 4 H 8 proceeds in about 20% yield 
[Eq. (13)] (148). 
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B 5 H 9 + Fe(CO ) 5 —> (CO) 3 FeB 4 H 8 + other products (13) 

even though it was later demonstrated that the initial product of this re¬ 
action is (CO) 3 FeB 5 H 9 [Eq. (14)] (168, 169). 

B 5 H 9 + Fe(CO ) 5 —> (CO) 3 FeB 5 H 9 + other products (14) 

The apparent activation of Fe(CO) 5 with hydride provides a route to 
(CO) 6 Fe 2 B 2 H 6 in about 20% yield [Eq. (15)] (115) as well as other 

H" + Fe(CO ) 5 + B 5 H 9 —•► (CO) 6 Fe 2 B 2 H 6 + other products (15) 

products (216). Metal carbonyl anions that are basic are sufficiently active 
to produce metalloboranes in high yield as, for example, in Eq. (16) (112). 

Fc(CO)l + 3BH 3 -THF — (CO) 4 FeB 2 Hs (16) 

As a mirror image, as it were, of method (8), the reaction of metal carbonyl 
anions with haloboranes yields metalloboranes as well [Eq. (17)] (165). 
It is curious to note that the observed product of this reaction is independent 
of the position of the halogen substitution on B 5 H 9 . 

1- or 2-C!B 5 H 8 + NaMn(CO ) 5 -> 2-(CO) 5 MnB 5 H 8 (17) 

This type of compound can also be prepared by the direct oxidative addition 
of a B—H bond by a transition metal, as, for example, in Eq. (18) (178). 

MrCI(CO)[P(CH 3 ) 3 ] 2 + B 5 H 9 - 2-lrClH(CO)[P(CH 3 ) 3 ] 2 B 5 H 8 (18) 


3. Direct Reaction with Metal Hydrides or Alkyls 

This method uses the formation of hydrogen or alkane as the driving 
force for the formation of the metalloborane and an example is given in 
Eq. (19) (57). 

(CjHjhO 

2Bj 0 H, 4 + 2(C 2 H 5 ) 2 Cd-* {[(C 2 H 5 ) 2 O] 2 CdB 10 H l2 } 2 + 2C 2 H 6 (19) 


4. From the Bulk Metal 

Initial work suggests that the condensation of metal atoms with boranes 
and appropriate organic ligands, as illustrated in Eq. (20) (188), is a prom¬ 
ising route to metalloboranes. 

B 5 H 9 + C 5 H 5 + Co(atoms) — (t> 5 -C 5 H 5 ) 3 Co 3 B 5 H 5 (20) 

The anodic dissolution of metals has also been found to yield metallo¬ 
boranes as in Eq. (21) (139). 

Cu + B 3 Hr + P(C 6 H 5 ) 3 - [(C 6 H 5 ) 3 P] 2 CuB 3 H 8 


(21) 
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Recently it has been demonstrated that the direct oxidation of elemental 
transition metals by Bi 0 H I4 leads directly to the formation of the metal- 
loboranes M(B 10 H 12 ) 2 _ in modest yields (M = Zn, Ni, Co) (275). 


C. Probes of the Metal-Boron Interaction 

An important objective of this work is to compare and contrast the 
metal-boron interaction in metalloboranes with the metal-carbon inter¬ 
action in organometallic compounds containing hydrocarbon ligands. The 
two principal tools that are used for this comparison and for examining 
the metal-boron interaction are listed here and briefly described. 


1. Geometry 

A fundamental tenet of chemistry is that the equilibrium positions of 
the nuclei of a molecule reflect the nature of the bonding between the 
nuclei. This being the case, the first tool for examining the metal-boron 
interaction is the difference in observed geometries of the metal and borane 
fragments. More than one point of view is possible. The change in the 
equilibrium cage structure of the metal-free borane fragment in going to 
the metalloborane reflects the changes in the electronic structure of the 
borane caused by association with the metal fragment. On the other hand, 
the difference in the structure of the metal fragment in a metalloborane 
versus another metal-ligand complex reflects the ligand properties of the 
borane. Finally, comparison of the borane fragment structure in the me¬ 
talloborane to that in a known borane analogous to the metalloborane 
reflects the cluster behavior of the metalloborane. 

2. Quantum Chemistry 

Most modern bonding models are cast in the language of quantum chem¬ 
istry. The valence bond treatment, utilizing the concept of a three-center 
two-electron bond, rationalized the structure and bonding found in poly¬ 
hedral boranes (7). However, the molecular orbital (MO) treatment is 
almost a requirement for closed borane cages, and it also provides the 
simplest accurate description of hydrocarbon-transition metal 7r-com- 
plexes. Hence, as the MO treatment encompasses both limiting models of 
the metalloboranes, it will be used here. There are in fact only a few 
published theoretical treatments of metalloboranes but for those that exist 
we shall be mainly interested in the qualitative orbital description of the 
interaction between borane and metal fragments relative to that in similar 
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organometallic systems. In some cases the results of UV-photoelectron 
spectroscopy have provided experimental information on the differences 
between metalloboranes and organometallic compounds. 


Ill 

BORANES AS LIGANDS 


A. Analogs of Hydrocarbon ir Ligands 

The key that unlocked the field of metallocarborane chemistry was the 
theoretical and practical recognition that a five-atom open face of a nido 
icosahedral carborane could bind a transition metal fragment in a manner 
resembling that of tj 5 -C 5 H 5 (2, 29). However, such fragments, e.g., 
tj 5 -C 5 H 5 and C 2 B 9 H?j", are not isoelectronic. One of the exciting recent 
developments has been the preparation of metalloboranes with boranes that 
are strictly isoelectronic to the ligands in metal-hydrocarbon ^-complexes. 
These compounds, which range in complexity from two to five boron atoms, 
and their organic counterparts are sketched in Fig. 6. Inspection of the 
figure shows that all the compounds contain a single transition metal, the 
borane ligands have hydrogen bridges whereas the hydrocarbons do not, 
and the formal charges of the ligands can be different. In addition, just 
as 7 j 5 -C 5 H 5 finds an analog in C 2 B 9 H?7, so too may analogs of the smaller 
hydrocarbon ligands be found in polyhedral systems. That is, the B —B 
bond in B 6 H l0 functions as an olefin analog towards a transition metal 
(792, 193) as does B 2 Hs. The metal-boron interaction in a platinathia- 
decaborane is also described as similar to that in a 7r-allyl metal complex 
(2/7). Thus although the subsequent discussion focuses on the smaller 
borane ligands shown in Fig. 6, some larger polyhedral systems are also 
considered relevant since they include fragments structurally analogous to 
and exhibiting bonding modes reminiscent of the smaller boranes. In the 
following, each example in Fig. 6 is discussed in terms of geometric and 
electronic structure. Where information is available, reaction chemistry 
and n B NMR behavior are also summarized. 

1. Geometric and Electronic Structure 

The principal changes in the structure of a hydrocarbon ligand upon 
being bound in a 7 r fashion to a transition metal are well documented and 
will not be repeated in detail here (218). The main purpose of this section 
is to review the observed changes in a borane ligand upon being bound to 




Fig. 6. Examples of organic ir ligands for which isoelectronic borane analogs have been characterized. Compounds 
with references are listed in Table I. (a, b) C 2 H 4 versus B 2 H7, (c, d) C3H5 versus B 3 H 7 , (e, f) C 4 H 4 versus B 4 H 8 , (g, h) 
C 4 H 6 versus B 4 H7, (j, k) C 5 H7 versus B 3 H7o- 
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a transition metal relative to an isoelectronic hydrocarbon ligand. As will 
be seen, suitable information is not yet available on all systems, but some 
trends have been established. 

a. C 2 H 4 /B 2 H~ 5 . The changes in the structure of ethylene on being bound 
to a transition metal are twofold. First, there is a significant increase in 
the C—C bond distance and second, upon coordination the olefin substit¬ 
uents bend away from the metal. Both changes are associated with a charge 
transfer from the ligand to the metal and 7 r charge transfer from the metal 
to the ligand. The rehybridization of the olefin has been associated with 
a requirement of maximum tt overlap of the ligand orbitals with appropriate 
metal d functions, i.e., good back bonding {219). The explanation of these 
effects constitutes the Dewar-Chatt-Duncanson model for hydrocarbon 
7 r bonding, a concept that has had a large influence on the development 
of organometallic chemistry. In addition, the definite conformational pref¬ 
erences exhibited by a bound olefin with respect to the other metal ligands 
can be understood in terms of the symmetry of the ligand acceptor and 
the metal donor orbitals {220). 

The B 2 H 5 ligand, which is isoelectronic with C 2 H 4 , has been found in 
two complexes, one of which, Cp(CO) 2 FeB 2 H 5 , has been structurally char¬ 
acterized (Table I and Fig. 6 ) {112-114). There is little difference between 
the B—B distance in this complex and the only known free ligand model, 
B 2 H 6 . In addition, in contrast to C 2 H 4 , there is only a small bending of the 
terminal hydrogens away from the metal. The complex Cp(CO) 2 FeB 2 H 5 
has also been investigated by UV-photoelectron (PE) spectroscopy, and 
nonparameterized Fenske-Hall calculations for the complex as well as the 
free ligand have been carried out {114). The principal metal-boron inter¬ 
actions occur in the two orbitals sketched in Fig. 7 which may be seen to 
correlate with the highest occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO) of the ligand B 2 HJ\ Qualitatively, 
this overall bonding interaction is analogous to that which is now accepted 
for C 2 H 4 and which is also illustrated in Fig. 7. There are, however, some 
notable differences. First, the B—B distance in Cp(CO) 2 FeB 2 H 5 is much 
longer (~0.4 A) than the C—C distance in an olefin complex. The bending 
back of the hydrogens of C 2 H 4 in bonding to a metal has been interpreted 
as being necessary for enhancing the back-bonding interaction (at the ex¬ 
pense of the of (j interaction) by increasing the metal-carbon dir-pir orbital 
overlap (279). That is, the carbons are too close together for effective dir- 
pir overlap and bending the hydrogens away from the metal forces a re¬ 
hybridization such that the lobes of both the HOMO and LUMO of C 2 H 4 
point away from the metal. Thus it would seem that the smaller bending 
back of the hydrogens in B 2 Hs when bound can be attributed to the longer 
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Fig. 7 . Comparison of the HOMO-LUMO structures of (a) C 2 H 4 and (c) B2H5 and the 
major metal-carbon and metal-boron interaction orbitals for the complexes (b) (CO) 4 FeC 2 H 4 
and (d) Cp(CO) 2 FeB 2 H 5 . 

B —B distance in that effective back bonding can be achieved without 
rehybridization of the borons. There is another qualitative difference that 
shows up most strongly in the HOMOs of the free ligands. The presence 
of a bridging proton in the plane of the “ir” bond of B 2 H 5 rehybridizes 
the B2 p components of this bond so that they point toward the metal 
position (Fig. 7). In going to the metal complex, this bent B—B bonding 
orbital becomes the boron-iron a interaction MO that corresponds to the 
a interaction orbital in (CO) 4 FeC 2 H 4 . In contrast to C 2 H 4 where the bend¬ 
ing back of the hydrogens will weaken the a interaction, the much smaller 
bending exhibited by B 2 Hs in binding to the metal along with the effect 
of the bridging hydrogen suggests a stronger a interaction in this case. 
There is no major difference in the LUMOs in the free ligands as that of 
B 2 Hs contains no bridging hydrogen character because of symmetry (Fig. 
7); however, as noted, bending back of the hydrogens is probably not re- 
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quired for good dir-pir overlap for B 2 Hs because of the larger B —B 
distance. 

Another view of the “olefinic” interaction with a metal in the borane 
case may be obtained from a consideration of the changes in a B — B bond 
in a polyhedral framework on being bound to a metal. Theoretical studies 
on B 6 H I0 have indicated the double bond character of the unbridged basal 
B —B bond in this polyhedral borane (221). Experimental work has demon¬ 
strated the ability of this bond to function as a site of Lewis basicity both 
toward a proton and a transition metal (792, 795). In going from free 
B 6 H| 0 to the Cl 2 Pt(B 6 H l0 )2 complex, the initially short basal B—B bond 
length increases from 1.60 A to about 1.8 A (795, 194). This change is 
very similar to that observed for C 2 H 4 upon complexing and may suggest 
that B 2 H 6 is not a good model for uncomplexed B 2 Hs. It must be remem¬ 
bered, however, that the B—B bond in B 6 H| 0 is not bridged by hydrogen 
and is part of an extended cage network. 

The (CO) 4 FeB 6 H 10 complex has been the subject of an extended Hiickel 
quantum chemical study (777). This work suggests that a major source 
of the metal-boron interaction is to be found in ligand to metal donation 
from the HOMO of B 6 Hi 0 , which is mainly localized in the unique basal 
B —B bond, to a low-lying empty orbital of the Fe(CO) 4 fragment. In B 6 Hi 0 
the HOMO points toward the binding site of the metal just as it does for 
B 2 Hs. In this sense the interactions of B 2 Hs and B 6 H 10 with a metal are 
similar. However, despite the fact that earlier theoretical calculations on 
B 6 H io indicate that there is a low-lying empty orbital analogous to the 
7 r* orbital of ethylene (227), no mention of any back-bonding interaction 
appears in the theoretical discussion of (CO) 4 FeB 6 H 10 . 

The B 5 H 8 ion also contains a B —B bond that can act as an electron 
donor in the same sense as the B—B bond in B 6 H 10 . Indeed several com¬ 
plexes with the metal in a ^-bridging position have been isolated (Table 
I) and the existing structural determinations suggest an interaction similar 
to that described above for (CO) 4 FeB 6 H 10 . However, an analysis of the 
bonding on the extended Hiickel level, is reported to show a difference in 
the bonding of ji-(H 3 P) 2 CuB 5 H 8 and ^-H 3 SiB 5 H 8 (170). As the analysis 
of the bonding in the latter compound is similar to that in (CO) 4 FeB 6 H 10 , 
it would appear that the copper derivative is different from (CO) 4 FeB 6 H 10 
in a detailed sense. In terms of counting electrons on the metal, the iron 
derivative is an 18-electron compound whereas the copper derivative is a 
16-electron compound and it has been suggested that 18-electron 
ji-B 5 H 8 complexes are unstable with respect to rearrangement to an 
exoderivative (50, 166). Thus the reported difference in the bonding may 
well lie more with the acceptor properties of the metal rather than the 
donor properties of the B—B bond in B 6 H I0 and B 5 H 8 . 
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Fig. 8 . Comparison of the calculated, proposed, or observed structures of borane ligands 
in unbound and bound states: (a, b) B 3 H 7 (225, /55), (c, d) B 4 H 8 (225, 148 ), (e, f) B 4 H 9 
( 224 , 153 ), and (g, h) B 5 Hr 0 ( 172 , 173 ). 
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b. C 3 H^ / B 3 H 7 . The allyl ligand and its interactions with transition 
metals has been thoroughly studied both structurally and theoretically 
{222). In a transition metal complex this ligand is bent, often with equal 
C —C distances and equal C —M distances. Free B 3 H 7 is not a stable species 
as its lowest energy structure (Fig. 8 ) contains a low energy unfilled orbital 
analogous to that in BH 3 (223). Like BH 3 it is known in the form of an 
adduct with a Lewis base (2). B 3 H 7 exhibits the structure shown in Fig. 
8 in the platinum derivative (Table I). Thus on binding to a metal there 
is a large increase in the BBB angle and considerable rearrangement of 
both bridging and terminal hydrogens. Qualitatively, the information sug¬ 
gests a much larger structural change in the borane relative to the hydro¬ 
carbon on metal complexation. 

A detailed, but qualitative, extended Hiickel MO comparison of borallyl, 
B 3 H 7 , and QH 5 has been carried out {129). The HOMO-LUMO structure 
of the two ligands are very similar both in terms of energetics and symmetry 
properties. Thus both have similar requirements as far as bonding to the 
transition metal fragment is concerned. As is the case with B 2 Hs and C 2 H ' 4 
the major difference between QH 5 and B 3 H 7 lies in the spatial orientation 
of the HOMO and LUMO with respect to the metal site. The bridging 
hydrogens in B 3 H 7 cause the HOMO to a large extent and the LUMO to 
a smaller extent to tilt toward the site of the metal in the complex (Fig. 
9 ). As the B—B distances in complexed B 3 H 7 are —0.5 A longer than the 
C—C distances in C 3 Hs this effect tends to strengthen the a interaction. 
Calculations on (CO) 2 NiC 3 Hs and (CO) 2 NiB 3 H 7 demonstrate definite 
similarities between the metal-carbon and metal-boron interactions; how¬ 
ever, the results suggest that there is significantly more scrambling of metal 
and 7 r-ligand orbitals in the metalloborane compared to the organometallic 
compound. 

c. C 4 H 4 IB 4 Hfi> Cyclobutadiene and its complexes have been exhaus¬ 
tively studied {225). Despite some controversy on the subject, it appears 
that the ground state of C 4 H 4 is rectangular {226). In going to a metal 
complex, e.g., (CO) 3 FeC 4 H 4 , the ligand adopts a geometry such that the 
carbons lie at the corners of a square and the hydrogens are bent slightly 
away from the metal. The B 4 H 8 moiety is known only as an adduct of a 
Lewis base, but the calculated most stable structure of B 4 H 8 is indicated 
in Fig. 8 . In coordinating to a metal (Fig. 4), B 4 H 8 goes from a diamond¬ 
shaped fragment to a square with all borons equivalent, e.g., (CO) 3 FeB 4 H 8 . 
Thus the available information suggests a fairly substantial change in ge¬ 
ometry between free and bound ligands. 

Of the metalloboranes shown in Fig. 6 , l-(CO) 3 FeB 4 H 8 is the compound 
that has been most thoroughly characterized in terms of electronic struc- 
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(c) (d) 

Fig. 9. Comparison of the HOMO-LUMO structure of (a, b) CjH,* and (c, d) B,H 7 

a 29). 

ture. It has been studied with three different quantum chemical methods 
as well as by PE spectroscopy (149-151). The calculations and spectro¬ 
scopic results are in agreement as to the proper MO description of the 
electronic structure; however, they differ as to the analysis of the metal- 
boron interaction. Two methods suggest the interaction is represented by 
three MOs in the complex, a nearly degenerate pair (of e symmetry if the 
C 3c symmetry of the Fe(CO) 3 fragment is neglected) and a lower energy, 
a i symmetry, orbital (Fig. 10) (149, 150, 227). The interpretation of the 
extended Hiickel results (151), but not the Fenske-Hall calculations (227), 
tends to minimize the importance of the a, orbital attributing it to the 
ligand alone. Despite this, it is clear that the description is very similar to 
that proposed for (CO) 3 FeC 4 H 4 in spite of some possible quantitative dif¬ 
ferences. It is interesting to note that a recent fragment analysis of the 
bonding in the latter compound suggests that (CO) 3 FeC 4 H 4 is best de¬ 
scribed as a FeC 4 H 4 fragment perturbed by three CO ligands rather than 
Fe(CO) 3 perturbed by C 4 H 4 (228). If correct, this suggests that the cluster 
view (see Section IV) is an appropriate one. The PE results (149) suggest 
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Fig. 10. Schematic drawing of the principal metal-boron interaction orbitals in (CO),FcB 4 H, 
( 149 ). 

the isoelectronic ferraborane is even more cluster-like, although a similar 
fragment analysis has not yet been done. Independent of which view, cluster 
or metal-ligand, is judged to be the better description, the similarity of 
the bonding in (CO) 3 FeB 4 H 8 to the organometallic analog is well estab¬ 
lished. 

d . C 4 H 6 /B 4 H 9 . This is the system that is most clearly defined in an 
experimental sense as both free ligands and both complexes have been 
structurally characterized (153, 224), The changes in 1,3-butadiene on 
complexation to a transition metal have been revealed by several studies 
(229). It is clear that the geometry of the ligand changes such that the 
C—C bond lengths are more closely related to the geometry of the first 
excited state (or the geometry of the anion) than to the ground state. The 
absolute changes, however, are fairly small. The static structure of B4H9 
as defined by low temperature U B NMR is indicated in Fig. 8. On being 
bound to the Ir(CO)(PR 3 ) 2 fragment (Fig. 6), the tetraboron “butterfly” 
opens up to form a planar B 4 unit very similar to the basal B 4 unit in B 5 H n . 
Although there are significant structural changes in both cases, the largest 
change takes place in the case of the isoelectronic borane ligand. Despite 
the fact that the free ligand, metal complex, free organic ligand, and or¬ 
ganic 7r-complex have all been well characterized, no analysis of the bond¬ 
ing in the metalloborane has appeared. Clearly this would be useful for 
comparison. 

e . C s Hs/B 5 HJo> The behavior of the cyclopentadienyl ion toward met¬ 
als has been studied since the early days of organometallic chemistry yet 
its bonding with metals and the ring structure in its bound form still provoke 
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theoretical and experimental work (230). The isoelectronic borane analog 
of ferrocene, pentaboraferrocene , has been recently prepared and the pro¬ 
posed structure is shown in Fig. 6 (172-173). As the skeletal structure of 
B 5 H7q as a free ligand presumably is that of B 5 H n (Fig. 8 ), there is a 
substantial structural change in going from the stable form of the free 
ligand to the bound form. Once again no theoretical work is available on 
this compound, and therefore, a more detailed comparison of the bonding 
is not possible. 

In summary, there appear to be substantially larger changes in going 
from the free borane to the metalloborane than from the free hydrocarbon 
to metal-hydrocarbon 7 r-complex. Generally speaking this suggests a 
greater perturbation of the borane on metal binding than the hydrocarbon. 
In those cases that have been studied theoretically there appears to be a 
definite qualitative similarity in the frontier orbital behavior of borane and 
isoelectronic hydrocarbon although the quantitative details of the inter¬ 
action are different. 

A general observation about the larger hydrocarbon and counterpart 
borane ligands is that whereas each of the former exhibits essentially the 
same geometry both when free and when bound to a metal, the latter 
undergo significant structural changes upon complexation. For example, 
the differences noted for C 4 H 6 versus B 4 H 9 arise primarily because the 
ground state geometry of B4H9 is analogous to the higher energy bicyclo¬ 
butane conformer of C 4 H 6 . Should bicyclobutane be allowed to interact 
with, e.g., [Fe(CO) 3 ], it is possible that the same structural changes evident 
in the coordination of B4H9 would occur in the hydrocarbon case. In ad¬ 
dition, note that the direct borane analog of C 4 H 6 is the neutral system 
B 4 H 10 , rather than the anion derived from B 4 H, 0 by loss of H + . As pointed 
out above, the role of the proton is an important one. 

2. Comparative Chemical Reactivity 

The rich reactivity of organometallic compounds has fueled and sus¬ 
tained the growth and activity of this area of chemistry. The reactivity of 
these metalloborane analogs of hydrocarbon ^-complexes remains to be 
fully exploited. Perhaps the most complete comparative study is one in 
which the photochemical reactivity of l-(CO) 3 FeB 4 H 8 with respect to al- 
kynes was compared to that of (CO) 3 FeC 4 H 4 (752). Under photochemical 
activation the latter adds alkynes and effects the insertion of the C 2 frag¬ 
ment into the cyclobutadiene ring leading to substituted benzene as a final 
product (Fig. 1 1) (231). The ferraborane under photochemical conditions 
also effects the insertion of alkynes into the B 4 fragment but with substantial 
differences. The major product, produced in about 60% yield, results from 
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Fig. 11. (a) Schematic representation of the photochemical reaction of (CO) 3 FeC 4 H 4 with 
an alkyne ( 231 ). (b) Schematic representation of the photochemical reaction of (CO) 3 FeB 4 H 8 
with an alkyne ( 152 ). 


the insertion of two moles of alkyne rather than one (Fig. 11). In addition, 
evidence suggesting the insertion of three and four moles of alkyne was 
found. The observations are interpreted in terms of an active intermediate 
that in the case of the ferraborane has a longer lifetime than the proposed 
intermediate in the analogous organometallic reaction. As a working hy¬ 
pothesis, a tautomeric equilibrium was suggested to account for the longer 
lifetime of the metalloborane. Some support for this view results from the 
fact that an unstable intermediate containing ferraborane and two moles 
of alkyne was isolated and partially characterized. It may well be that 
metalloborane analogs of hydrocarbon ir-complexes will serve as routes to 
heteroborane systems not accessible by other means. If so, these compounds 
will become as useful to borane cage chemistry as organometallic com¬ 
pounds are to organic chemistry. 

Despite chemistry reminiscent of organometallic compounds, boranes 
retain reactivity characteristic of boranes. For example, (CO) 3 FeB 4 H 8 may 
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be deprotonated with KH to form (CO) 3 FeB 4 H 7 as may other metallo- 
boranes containing B—H —B bridges ( 26 , 43). 


3. n B Chemical Shifts 

One of the great advantages of working in the area of boron cluster 
chemistry before the age of multinuclear NMR spectrometers was the 
ready availability of M B NMR (252). Besides providing valuable structural 
information, the 11 B chemical shift contains information on the nature of 

TABLE II 


"B Chemical Shifts of Selected Metalloboranes 


Class 

Compound" 

5"B‘ 

1 

Be(BH 4 ) 2 

-32.2 

1 

2-(CO) 5 MnB 5 H 8 

-48.6(1); 0.2(2); -10.3(3-5) 

1 

2-(CO) s ReB s H, 

-49(1); -11.5(2); -10.6(3-5) 

1 

2-[Cp(CO ) 2 Fe]B 5 H 8 

-48.5(1); 7.9(2); -10.6(3, 5); -14.3(4) 

2 

(COkFejBjH. 

-24 

2 

(CO) 4 MnB 3 H 8 

-42.2(1, 3); 1.5(2) 

2 

(CO) 3 MnB 3 H g 

-47.2 

2 

(CO)jMnB 8 H| 3 

-57.3(2); -52.0(3, 8); -7.8(1); -0.3(5, 

6 or 4, 7); 7.5(4, 7 or 5, 6) 

3 

Cp(CO) 2 FeB 2 H 5 

-6.5 

3 

(R 3 P) 2 CuB 5 H 8 

-47.8(1); -15.0(2-5) 

3 

(R 3 P) 2 BrPtB 5 H 8 

-48.3(1); -14.3(2-5) 

3 

(CO) 4 FeB 6 H| 0 

-54.4(1); 0.2(2, 3); 4.9(4, 6); 11.4(4) 

4 

(R,P) 2 (CO)HIrB,H, 

-15(1, 3); 3(2) 

4 

l,2-[(CO) 3 Fe] 2 B 3 H 7 

4.2(3, 5); 12.1(4) 

4 

l-[(CO)jFe]B 4 H 8 

-4.7 

4 

l-[CpCo]B 4 H, 

-4.4 

4 

2-[CpCo]B 4 H, 

-15.9(2-5); 6.2(1) 

4 

(R 3 P) 2 CuB 4 H» 

-55.2(1); 3.2( 2-4) 

4 

l*[CpFe]BjH| 0 

5.1 

4 

2-[CpFeJB 5 H l0 

-53.0(1); 8.2(4, 5); 44.4(3, 6) 

4 

2-[(CO) 3 Mn]B 5 H l0 

-53.7(1); 11.3(4, 5); 31.8(3, 6) 

4 

2-[(CO) 3 Fe]B 5 H, 

-47.0(1); 2.3(4 or 5); 13.5(5 or 4); 
37.7(6); 55.5(3) 

4 

2-(R 3 P) 2 (CO)IrB 5 H 9 

-28(1); 10(4, 5); 42(3, 6) 

4 

2-[(CO) 3 Co]B 5 H, 

-45.0(1); 6.8(4, 5); 57.0(3, 6) 


fl References given in Table I. 

Ml B shifts in ppm given with 5BF 3 *0(C 2 H 5 )2 = 0 and positive values downfield. 
The number in parentheses is the boron position with the apical position designated 
as 1. 
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the bonding environment of the boron observed. In particular the changes 
in the chemical shifts of the boron atoms of the borane ligand on being 
bound to a metal fragment constitute a measure of the perturbation of the 
borane on metal-boron bond formation. In principle these chemical shift 
differences contain information on the redistribution of electron density 
but, because of ambiguities in interpretation, they are used here only as 
an indicator of the magnitude of the perturbation caused by the metal 
fragment. A selection of 11 B chemical shifts for metalloboranes and boranes 
is given in Table II. For the compounds considered in this section, we 
compare differences between the free ligand spectra and the metalloborane. 
These differences, which reflect the magnitude of the overall structural 
change on bonding, are given in Table III. Free ligand spectra are known 
for only two of the six ligands. For the “olefinic” interaction of B 6 H 10 with 
Fe(CO) 4 in which the geometric changes in the borane are modest a net 
upheld shift on coordination is observed. For a similar interaction of 
B 5 Hg with CuL 2 there is a slight upfield shift of the basal borons and slight 
downfield shift of the apical boron. In both cases, the 11 B data suggest 
relatively minor perturbation of the basic boron skeletal bonding. For the 
other four compounds, only comparison with models of the free ligands is 
presently possible. Using B 2 H 6 as a model for B 2 Hs suggests an upfield 
shift on interaction with iron; however, the magnitude of this shift would 
be reduced for B 2 Hs as deprotonation itself causes an upfield shift. B 3 H 7 • 
THF as a model for B 3 H 7 suggests no shift; however, as the spectrum of 
free B 3 H 7 would probably be downfield of that of B 3 H 7 • THF, the net shift 
on coordination of B 3 H 7 is probably upfield. Likewise l-COB 4 H 8 can be 


TABLE III 

Comparison of ll B Chemical Shifts Hydrocarbon ?t-Ligand Analogs 


Ligand 0 

Metallo¬ 

borane 0 

Free ligand or* (model) 


B 2 H* 

-6.5 

17.5(B 2 H 6 ) 

-24 

B 6 H, 0 

-54.4, 4.3{av) 

-50.9, 16.1 

-3, -11 

b 5 h 8 

—47.8, -15.0 

-52.8, -12.5 

5, ”3 

b 3 h 7 

-15; 3 

—8.4(B 3 H 7 -THF) 

-0 


—9(av) 



B 4 H s 

-4.7 

-58.7; -1.5, —2. l(B 4 H 8 CO) 

54, -3, -3 

b 4 h 9 - 


-52.2, -9.7 


B 5 Hfo 

5.1 




° See Tables I and II. 

* See Refs. 224 and 232. 

c Chemical shift difference (ppm) metalloborane - free ligand; positive values downfield. 
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considered a model for B 4 H 8 . Ignoring the boron at which substitution 
takes place and with the same considerations as for B 3 H 7 , there is also a 
suggestion of a net upheld shift on coordination. Although not definitive, 
these comparisons suggest modest upheld shifts on coordination with met¬ 
als. The 13 C coordination shift for olehns on being bound to a transition 
metal is to higher held and is in the range of —25 to —90 ppm (233). Using 
an empirical relationship between n B and 13 C chemical shifts developed 
for carbocations and boranes (234), one would predict an upheld shift for 
the metal-carbon compounds of -8 to —30 ppm if they are indeed analogs 
of the metal-carbon compounds. The relatively small U B shifts on coor¬ 
dination suggest a fair amount of localization of the metal-boron inter¬ 
action. In a metal-ligand complex, retention of much free ligand character 
in the bound state is expected and, thus assuming the n B shift is reasonably 
sensitive to the nature of the bonding, the chemical shift behavior supports 
the idea of considering these compounds as true analogs of hydrocarbon- 
metal complexes. 


B. Ligand Behavior Unique to Boranes 

The borane fragments described in the preceding section clearly are 
related to hydrocarbons in terms of interactions with transition metals. On 
the other hand, boranes have a well characterized tendency to form bonds 
to metals via bridging hydrogens—a tendency only rarely glimpsed in hy¬ 
drocarbons. This characteristic is most fully documented in the metal 
tetrahydroborates (JJ). The ability to form M—H —B bonds is also dem¬ 
onstrated by higher polyboranes. The purpose of this section is to review 
this mode of bonding. 


1. Geometric and Electronic Structure 

a. BH ~ 4 . Complexes containing tetrahydroborate have been the subject 
of comprehensive reviews in which structures and bonding models have 
been explored (JJ, 37). The BH 4 ion displays mono-, bi-, and tridentate 
coordination (Fig. 12) and forms complexes with the majority of metals 
in the periodic table (Table I). An analogy of the bonding of BH 4 and 
77 3 -allyl has been drawn on the basis of empirical observations, i.e., tran¬ 
sition metal complexes that differ only by the exchange of BH 4 for allyl 
(J5). In addition there is both experimental and theoretical evidence for 
only a small energy difference between the bi- and tridentate modes of 
bonding. One type of metal-boron interaction that is of interest with respect 
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(c) 

Fig. 12. Schematic drawing of mono- (a), bi- (b), and tridentate (c) BH 4 bonding to a 
transition metal. 


to the last section is the monodentate mode of bonding, of which one 
example has been established (Table I) (92, 93). In the case of 
(CO) 5 MnBH 4 , for which such a structure is also considered plausible (Fig. 
13), (87) BH2 replaces CHJ in the isoelectronic organometallic compound, 
the Mn—C bond being replaced by a Mn—H —B bond. The tetrahydro- 
borate is, however, very unstable. Note that for higher boranes direct an¬ 
alogs of a hydrocarbon ligands exist; for example in 2-(CO) 5 MnB 5 H 8 the 
Mn —B bond is comparable to the Mn—C bond in (CO) 5 MnCH 3 . 

b. B 2 H 2 6 ~. This hexahydrodiborate has been identified in three com¬ 
pounds, two of which have been characterized by single crystal X-ray 
diffraction studies (775, 776, 779). These compounds whose structures are 
sketched in Fig. 14 all possess one or more ethane-like B 2 H6~ ligands 
bridging a dimetal fragment. The metal-boron interaction is via M —H—B 
bridges; four in the case of (CO) 6 Fe 2 B 2 H 6 , eight for [CpNbB 2 H 6 ] 2 , and 
six for (CO)i 0 HMn 3 B 2 H 6 . This multidentate versatility is reminiscent of 
the situation with BH2, i.e., each terminal BH 3 of B 2 H6 _ is either bi- or 
tridentate. Except for the Mn derivative these compounds are rather new 
and it remains to be seen whether the size of this class will approach that 
of either the B, or B 3 derivatives. 

The electronic structure of (CO) 6 Fe 2 B 2 H 6 has been studied by means 
of theoretical calculations as well as PE spectroscopy (777, 77#). The 
ethane-like geometric structure of the borane ligand can be considered 
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■CM. 
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(a) 


0 



lb) 

Fig. 13. Comparison of the structure of (CO) 4 MnCH 3 (a) with that proposed for 
(CO) 4 MnBH 4 (b) ( 33 ). 


evidence for a negatively charged ligand, and two rather different calcu- 
lational techniques used support this conclusion. In addition, both the PE 
results and the calculations suggest a high-lying filled orbital of large boron 
character that is associated with the B—B bond. The energy and properties 
of this orbital are similar to the B—B bond in B 6 H 10 and it may well be 
that this feature of the bonding is indicative of similar reactivity relative 
to Lewis acids. 

c. B 3 Hs- The octahydrotriborate ion, like BH 4 , is found in both ionic 
salts as well as covalent transition metal compounds. A fair variety of 
compounds is known in which the B 3 Hg ion coordinates to a metal via two 
adjacent M —H —B interactions (Fig. 5); however, there are also some 
variations that will be presented below. The bidentate B 3 Hg complexes 
have been likened to B 4 H I0 (Fig. 15) in which the metal fragment replaces 
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H 



(c) 

Fig. 14. Proposed or known structures of (a) (CO) 6 Fe 2 B 2 H 6 ( 116 ), (b) Cp 2 Nb 2 (B 2 H 6 ) 2 
( 115 ), and (c) (CO) 10 Mn 3 H(B 2 H 6 ) ( 119 ). 



Fig. 15. Structure of B 4 H m (/). 
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a “wing-tip” BHJ in the borane butterfly (Fig. 5) (235). It should be noted 
that B 3 Hg can be formally generated from B 3 H 7 by the addition of FT. 

The electronic structure of a typical metal complex, (CO) 4 MnB 3 H 8 , has 
been examined by the extended HUckel method. The free ligand itself is 
characterized by a large HOMO-LUMO gap (236). This contrasts with 
the situation of borallyl, B 3 H 7 (see above), where the smaller HOMO- 
LUMO gap is typical of that found in hydrocarbon x systems. In forming 
the metal complex the major interactions are found to take place between 
the symmetric HOMO of the ligand with a symmetric empty orbital of 
the metal fragment and an antisymmetric filled ligand orbital with an 
antisymmetric empty metal orbital (Fig. 16) (129). The latter interaction 
rationalizes the orientation of the ligand with respect to the metal fragment 
in the same way that the orientation of olefins in complexes is rationalized. 
That is, for effective overlap the BBB plane of the ligand must be tilted 
with respect to the equatorial plane of the metal fragment and the B —B 
bond must lie in a plane parallel to but below the equatorial plane of the 
metal fragment. As this antisymmetric ligand orbital has a significant con¬ 
tribution from the terminal hydrogens adjacent to the B—B bond, the 



Mn(C0) 4 + (COl^MnBjHg BgHg' 

Fig. 16. Diagrammatic representation of the primary metal-boron interaction in 
(CO) 4 MnBjH 8 ( 129 ). 
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participation of these hydrogens in forming B—H —Mn bridges is rea¬ 
sonable. 

As B 3 H^ exists as the free ligand it is of interest to examine the structural 
changes taking place on the formation of a metal complex. The most prob¬ 
able structure of B 3 H 8 is shown in Fig. 17 where it is seen that the structure 
is basically that of cyclopropane in which two of the C—C bonds have 
been protonated. In fact the MO structure of B 3 H^ exhibits a distinct 
relationship to that of cyclopropane. In being bound to a metal the sym¬ 
metry of B 3 H^ is reduced from C 2v to C s and the antisymmetric orbital 
(Fig. 16) is polarized toward the terminal hydrogens on the same side of 
the BBB plane as the bridging hydrogens thereby enhancing the M —H —B 
interaction (Fig. 5), In a sense the structural change that takes place tends 
to focus the ligand orbitals toward metal binding but, in fact, the actual 
structural change is relatively small. Thus geometrically speaking the 
B 3 H 8 moiety retains much of its ligand character in the metal complex. 
With the exception of the two primary donor orbitals the complexed B 3 H 8 
moiety also retains much of its electronic character and the calculated 
Mulliken charge on the bound ligand is found to be -0.8 in the extended 
Hiickel treatment (129). Finally, one notes that the weighted average n B 
chemical shift of (CO) 4 MnB 3 H 8 (5 = -28) is essentially equal to that of 
the free and fluxional ligand (Table II) (232). The suggestion is that there 
are no gross changes in the character of B 3 H 8 on being bound to a transition 
metal which is, in effect, a definition of ligand behavior. There are, however, 
interesting changes in the fluxional behavior of the octahydrotriborate ion 
on being bound to a transition metal fragment (57). The bidentate 
(CO) 4 MnB 3 H 8 compound is static; however, the tridentate (CO) 3 MnB 3 H 8 
(see below) is “selectively nonrigid” even at low temperatures in that the 
Mn —H —B hydrogens are static while the other hydrogens are made equiv- 




Fig. 17. Representation of the B 3 H 8 structure in unbound state (a) and on being bound 
to a transition metal (b). 
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alent by an internal exchange that is rapid on the NMR time scale. The 
fluxional behavior is very sensitive to ostensibly small changes, e.g., the 
substitution of Br for one of the terminal hydrogens in (CO) 4 MnB 3 H 8 
produces a molecule that is static at low temperatures but selectively non- 
rigid at room temperature. 

As B 3 H 8 transition metal chemistry develops, other modes of bonding 
are being revealed. For example, the pyrolysis or photolysis of (CO) 4 MnB 3 H g 
with continuous removal of released CO yields (CO) 3 MnB 3 H 8 in which the 
B 3 H 8 ligand functions as a tridentate ligand to the metal (Fig. 18) ( 51 , 
128). The entire process is reversible [Eq. (22)] which suggests a fairly 
small 

(CO) 3 MnB 3 H 8 £ (CO) 3 MnB 3 H 8 + CO (22) 

energy difference, a situation reminiscent of the bi- and tridentate behavior 
of BH 4 (see above). A higher homolog of this tridentate B 3 H 8 metallo¬ 



id 

Fig, 18. Comparison of the structures of (a) (CO) 3 MnB 3 H 8 ( 128 )\ (b) (CO) 6 BrMn 2 B 3 H 8 
( 140 ); and (c) (CO) 3 MnB 8 H 13 { 197 ). 
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borane is found in (CO) 3 MnB 8 H, 3 (197), in which the B 8 Hi 3 fragment 
acts as a tridentate ligand to Mn(CO) 3 via three Mn—H—B bridges (Fig. 
18). This compound has been described as a polyhedral borane with a face¬ 
bridging Mn(CO) 3 fragment. As such, the metal fragment is an exo- 
polyhedral substituent. B 3 H 8 has been found to act as a bridge between 
two metal atoms in (CO) 6 BrMn 2 B 3 H 8 (140) (Fig. 18), a compound that 
may be considered analogous to (CO) 10 HMn 3 B 2 H 6 (119) (Fig. 14) by 
formally replacing BH 2 with Mn(CO) 4 . It will also be noted that as far 
as the metal-boron bonding is concerned this compound is similar to both 
(CO) 6 Fe 2 B 2 H 6 (116) and [CpNbB 2 H 6 ] 2 (115) (Fig. 14). 

With the exception of the eight-boron compound mentioned above there 
are no examples of this type of what might be described as hydroborate 
ligand behavior for boranes with more than three borons. Yet, as will be 
discussed more fully in the next section, there are a number of compounds 
in which the metal-boron interaction takes place partly through M —H —B 
bridges. One compound that demonstrates a particularly interesting hybrid 
metal boron interaction is (R 3 P) 2 CuB 5 H 8 Fe(CO) 3 (Fig. 19) (187). The 
iron atom is considered as part of the six-atom cage skeleton and will be 
discussed in Section IV. The copper is bonded to the B 5 Fe unit through 
an interaction that is related to that observed for both (CO) 4 FeB 6 H| 0 or 
(R 3 P) 2 CuB 5 H 8 and (R 3 P) 2 CuB 3 H 8 . The formation of the Cu—H —B bond 
has been suggested as helping copper to achieve an 18-electron configu¬ 
ration and that the exohydrogens are more available for such an interaction 
in the pentagonal base of a six-atom nido cage than they are in the square 
base of a five-atom nido cage. 

2 . 11 B Chemical Shifts 

As in Section III, A, the changes in the chemical shifts of the boron 
atoms of the borane ligand on being bound to the metal fragment constitute 
one measure of the extent of the perturbation of the borane by the metal. 
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Pertinent data for the metal compounds are given in Table II. Data exist 
for only two ligands, BH 4 and B 3 H 8 (232). For the former only small 
changes in the chemical shift are observed on metal binding. For the latter, 
if one compares the weighted average of the shifts in (CO) 4 MnB 3 H 8 to the 
observed value in the fluxional B 3 H 8 ligand, again there is little change 
observed. Both these observations support the view that the borane frag¬ 
ments considered in this section are properly considered as ligands. 


IV 

BORANES AS CLUSTER FRAGMENTS 

As was pointed out in the introductory remarks, an analogy between 
boranes and metal clusters has been drawn that allows information on the 
former to be used to provide a first-order picture of the behavior of the 
latter (10). Metalloboranes, of course, lie in the middle and have been 
assigned a key role in relating structures of borane clusters to those metal 
clusters, and, as discussed above, to metal-hydrocarbon 7r-complexes (28). 
This section is used to summarize the cluster view of the metalloboranes 
and the analogous hydrocarbon 7r-complexes discussed above, as well as 
to present information on metalloboranes that can only be reasonably de¬ 
scribed as clusters. This section also demonstrates that the cluster view is 
broader in scope than a metal-ligand picture in that it encompasses in a 
single model description the analogs of hydrocarbon ^-complexes and the 
hydroborate complexes as well as metalloboranes not easily described by 
any metal-ligand bonding scheme. As such, the cluster view is a unifying 
concept that adds to the earlier considerations rather that superseding 
them. Finally a few examples of metalloboranes are given demonstrating 
that a cluster view based solely on the behavior of metal-free polyhedral 
boranes is itself limited in that the observed structures are not necessarily 
those of the analogous boranes. 

Before proceeding, it is necessary briefly to summarize the polyhedral 
skeletal electron pair theory (PSEPT) as it applies to metalloboranes. Ex¬ 
tensive discussions of this theory have appeared elsewhere and only the 
bare outline is given here (10). This theory first assumes that the skeletal 
bonding is separable from the bonding of the exopolyhedral cluster ligands. 
If the cluster is made up of main group atoms of the first row with H as 
the exopolyhedral “ligand,” this assumption allows three orbitals per cluster 
atom to be assigned to skeletal bonding. A molecular orbital treatment of 
the cluster bonding then suggests that a cluster structure having atoms at 
the vertices of a deltahedron (polyhedron with only triangular faces) will 
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be stable if p + 1 , where p is the number of vertices of the deltahedron, 
electron pairs are available. If, as is usually the case, each cluster atom 
of the closed polyhedron skeleton utilizes one electron in forming an ex- 
opolyhedral bond, it contributes its valence electrons minus one to cluster 
bonding. Thus, for example, the BH fragment contributes two electrons 
to cluster bonding and the octahedral B 6 H 6 cluster is predicted to be stable 
as the dianion. For obvious reasons this type of cluster is designated closo . 
If the number of skeletal bonding pairs exceeds p + 1, the cluster adopts 
a geometry based on a deltahedron with the number of vertices greater 
than p and equal to one less than the number of available skeletal electron 
pairs. As in this case there are insufficient cluster atoms to occupy all the 
vertices of the deltahedron, the cluster must be open. Clusters with p + 2 
electron pairs are designated nido (one vertex unoccupied) and those with 
p + 3 electron pairs arachno (two vertices unoccupied) (Fig. 20). It has 
been demonstrated that this treatment is not restricted to boranes and that 
a wide variety of other atoms and groups can replace BH to form heter- 
oboranes obeying the same electron counting rules, e.g., in B 6 H6 - replacing 
two BH“ with CH yields the neutral carborane C 2 B 4 H 6 . 

It has been found that certain transition metal fragments have three 
valence orbitals of suitable symmetry and spatial orientation to function 
in cluster bonding in the same manner as, for example, BH. Thus Fe(CO) 3 
is said to be isolobal and pseudoisoelectronic with BH in the sense that it 
contributes three orbitals and two electrons to cluster bonding (70, 77). 
From this point of view the analog of (CO) 3 FeC 4 H 4 , (CO) 3 FeB 4 H 8 , is seen 
to be analogous to B 5 H 9 in the sense that the apical BH of the latter has 
been replaced with an Fe(CO) 3 fragment. Likewise, the metalloborane 
serves formally to relate B 5 H 9 and C 4 H 4 Fe(CO) 3 . These interrelations have 


closo nido arachno 



pothetical five-atom borane anions. 
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been discussed and the family ties of these formerly unrelated classes of 
compounds firmly established (28, 34). 


A. Metal-Boron Bonding Uniquely Cluster-Like 

Wade’s approach is a unifying concept but one can ask whether, in fact, 
it is unique or even necessary, i.e., is there any real evidence for cluster 
behavior in metalloboranes? The answer is yes, and we detail below three 
ways in which metalloboranes exhibit distinctly cluster-like properties. 


1. Geometric /somers of Hydrocarbon it-Complex Analogs 

ir-Hydrocarbon metallo derivatives and the analogous metalloboranes 
can be considered as clusters based on skeletal electron counting rules. 
(CO) 3 FeC 4 H 4 (7 electron pairs, nido) exists as the 1-isomer. The analogous 
metalloborane, (Fig. 21) CpCoB 4 H„ exists as both the 1- and 2-isomers 
(57, 59) and there is evidence that the isoelectronic compound (CO) 3 FeB 4 H 8 
does as well (41, 237). In ferrocene, CpFeCp, the iron atom shares the 
apical site of two adjacent pentagonal pyramids and the compound is there- 






lb(ii)l 


Fe 




[c(ii)] 


Fig. 21. Comparison of proposed or known structures of metalloborane geometric isomers: 
(a) 1 -C P CoB 4 H 8 versus 2-CpCoB 4 H 8 (57, 59); (b) l-(R 3 P) 2 (CO)IrB 4 H 9 versus 2-(R 3 P) 2 CuB 4 H 9 
(755, 7 54 )\ and (c) l-CpFeB 5 H l0 versus 2-CpFeB 5 H 10 (772, 775). 
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fore viewed as involving two nido skeletons fused in the 1-position. However, 
CpFeB 5 H 10 is found as both 1- and 2-isomers (172,173) and B 5 H,oFeB 5 H,o 
has been isolated as the 2,2'-isomer (167). Finally, only the 1-isomer of 
the arachno butadiene metal complex is known but there is good evidence 
for the existence of both 1- and 2-isomers of the analogous B 4 H 9 ligand 
(l-[(R 3 P) 2 (CO)Ir]B 4 H 9 and 2-[(R 3 P) 2 Cu]B 4 H 9 ; Table 1) (153,154). This 
of course does not imply that other isomers of hydrocarbon x-complexes 
cannot exist but it does demonstrate that there is a greater tendency for 
the analogous metalloboranes to form isomers that are obviously cluster¬ 
like. The interesting question that has been raised earlier (27) is whether 
or not organometallic analogs of the 2-isomers might be found if they were 
looked for. 

In the case of both CpCoB 4 H g and CpFeB 5 H| 0 it is the 2-isomer that 
is initially formed in the preparative procedure. The 2-isomer is then ther¬ 
mally converted to the 1-isomer demonstrating unequivocally that the 
1-isomer is more stable in a thermodynamic sense. Thus for the metallo¬ 
boranes the kinetic product is the one isolated and there is a significant 
barrier separating it from the thermodynamically more stable 1-isomer. 
It is of course unknown whether or not the analogous hydrocarbon 2-isomer 
may be formed, or indeed is formed but with only a very small energy 
barrier separating it from the 1-isomer. 

Besides direct analogs of hydrocarbon x-ligand complexes there are 
metalloboranes that are difficult to explain except as derivatives of a borane 
cluster in which a cluster component has been replaced by an isolobal 
transition metal fragment. An isoelectronic series of metalloboranes is il¬ 
lustrated in Fig. 22 for which no organometallic analogs exist but which 

(a) (b) (0 




O -BH 
• * bridging H 

Fig. 22. Comparison of the proposed structures of (a) (CO) 3 MnB 5 H, 0 ( 164 ); (b) 
(CO) 3 FeB 5 H 9 ( 168 , 169 ); and (c) (CO) 3 CoB 5 H 8 ( 167 , 177 ). 
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are easily described as metal derivatives of a parent hexaborane( 10) in 
which a BH 2 unit (one H bridging) has been replaced with Co(CO) 3 , 
HF(CO) 3 , or H 2 Mn(CO) 3 . 

Finally, although carboranes have been excluded from this review, it 
should be noted that there is only one example of a C 5 HJ ring serving as 
the central ligand in a “triple-decker” sandwich complex (238) whereas 
there are many examples of heteroborane rings doing such service (27, 
239). As the two metals and central ligand of these complexes constitute 
a cluster, this observation serves as additional evidence for an intrinsic 
ability of boron to stabilize forms of bonding associated with clusters. 

2. Multinuclear Metal Systems 

The second type of metalloborane that requires a cluster description as 
opposed to a metal-ligand complex description is found in systems that 
contain more than one metal atom. For example, the series B 5 H 9 , 
(CO) 3 FeB 4 H 8 , and (CO) 6 Fe 2 B 3 H 7 shown in Fig. 23 demonstrates this point. 
The first member, B 5 H 9 , can only be reasonably represented as a cluster. 
The second, (CO) 3 FeB 4 H 8 , can be represented equally well as either a 
metal-ligand complex [isoelectronic with (CO) 3 FeC 4 H 4 ] or a metal-boron 
cluster; [Fe(CO) 3 is isolobal and pseudoisoelectronic with BH]. The third, 
(CO) 6 Fe 2 B 3 H 7 , contains the B 3 H 7 ligand which may be formally considered 
to be the same as the borallyl B 3 H 7 , found in L 2 PtB 3 H 7 (Table I). In fact, 
by doing so one can assign 18 electrons to each iron. However, the actual 
structure of the complex clearly demonstrates that the B 3 H 7 fragment in 
the diiron metalloborane has neither the structure of borallyl nor that of 


(a) (b) (c) 



Fe(C0> 3 

0 = bh 

• - bridging N 

Fig. 23. Comparison of the proposed or known structures of (a) B 5 H 9 (/); (b) (CO)jFeB 4 H 8 
{ 148 ); and (c) (CO) 6 Fe 2 B 3 H 7 { 142 ). 
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the B 3 H 7 fragment in B 3 Hg (142). It is much more appropriate, and useful, 
to describe this compound as a derivative of B 5 H 9 in which a basal and 
an apical BH fragment are replaced by isolobal and pseudoisoelectronic 
Fe(CO) 3 fragments. This is not to say that there are no organometallic 
analogs of compounds like (CO) 6 Fe 2 B 3 H 7 ; in fact, there are several. For 
example, the dimetal compound shown in Fig. 24 formed from the reaction 
of an alkyne with a dimetal bridging alkylidyne ligand is a direct analog 
of (CO) 6 Fe 2 B 3 H 7 (240). The C 3 moiety is bonded to tungsten via the two 
terminal carbons and to iron via all three carbons. It has been described 
as an Fe(CO) 3 group bonded to a tungstacyclobutadiene ring; however, it 
is perhaps more easily described as a seven-electron pair, nido cluster [each 
RC donates three electrons, Cp(CO) 2 W donates three electrons, and 
(CO) 3 Fe donates two electrons to cluster bonding]. A dimetal compound 
that can be viewed as an analog of L 2 (CO)IrB 4 H 9 is also shown in Fig. 
24 (241). There is some advantage to describing this compound as an eight- 
electron pair, arachno cluster [each RC donates three electrons, Cp(CO)Ru 
donates three electrons, CpRu donates one electron, CO bridging donates 




• =C 

Fig. 24. (a) Structure of an organometallic analog of (CO) 6 Fe 2 B 3 H 7 { 240 ) and (b) an 
organometallic analog of L 2 (CO)IrB 4 H 9 { 241 ). 
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two electrons, and the endo hydrogen donates one electron to cluster bond¬ 
ing] rather than by means of the three equivalent representations presented 
in the original work. Compounds such as these suggest there are also or- 
ganometallic systems that are more easily, if not more appropriately, con¬ 
sidered as clusters rather than as metal-ligand complexes. 

As (CO) 6 Fe 2 B 3 H 7 is a key compound in probing cluster behavior, two 
detailed studies of the nature of the bonding in this compound have been 
carried out. In one (77#), the extended Hiickel method, the nonparame- 
terized Fenske-Hall method, and UV-photoelectron spectroscopy have 
been utilized to probe the changes in the bonding through the series de¬ 
picted in Fig. 23. One of the most interesting observations is that the 
valence electron density distribution of (CO) 6 Fe 2 B 3 H 7 mimics in a quali¬ 
tative way the charge distribution in B 5 H 9 . In the latter compound the 
apical boron carries a significant negative charge and the molecule has a 
substantial dipole moment. Although the calculated Mulliken charge of 
the apical iron in (CO) 6 Fe 2 B 3 H 7 is positive, it is much less positive than 
that of the basal iron. This relative charge distribution, which is supported 
by the spectroscopic results, demonstrates the appropriateness of consid¬ 
ering metalloboranes such as (CO) 6 Fe 2 B 3 H 7 as clusters. The second study 
(729) compares in a qualitative way the similarities and differences between 
the frontier orbitals of B 3 H 7 as found in (CO) 6 Fe 2 B 3 H 7 with those in 
L 2 PtB 3 H 7 , (borallyl) as well as in (CO) 4 MnB 3 H 8 . The latter two com¬ 
pounds contain triboron fragments that display true ligand properties (See 
Section III,A). The frontier orbital properties of the latter two triborane 
ligands lead to reasonable descriptions of the mononuclear metalloboranes 
as metal-ligand complexes. However, the frontier orbitals of the triborane 
unit in (CO) 6 Fe 2 B 3 H 7 are complex, being a hybrid, as it were, of those of 
borallyl and B 3 H 8 and no simple metal-ligand description of the diiron 
complex results from this treatment. 

Figure 25 gives the structures of examples of di- and tri-nuclear cobalt 
metalloboranes (57, 144-146 , 755). These are further examples that es¬ 
tablish the necessity of a cluster description. Both of these compounds 
exhibit structures easily rationalized in terms of clusters. The CpCo frag¬ 
ment is isolobal and pseudoisoelectronic with BH, thus according to Wade’s 
rules (PSEPT) both have seven electron pairs associated with six-vertex 
cluster bonding and should be closo, i.e., octahedral, as they obviously are. 
On the other hand the only way to describe Cp 3 Co 3 B 3 H 5 in terms of a 
metal-ligand complex is to consider a B 3 H 3 ~ ligand bound to a 
Cp 3 Co 3 H 2 + fragment. This does not seem particularly realistic. 

Just as there are metal clusters that exhibit structures for which there 
are no analogous boranes, so too there are metalloboranes that constitute 
exceptions to PSEPT (Wade’s rules). Three examples are shown in Fig. 
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Fig. 25. Structures of multinuclear metalloboranes conforming to the PSEPT formalism: 
(a) Cp 2 Co 2 B 4 H 6 (57, 146, 155) and (b) CpjCojBjHs (144, 145). 


26 all of which contain several metal atoms. The first compound, 
CP 3 C 03 B 4 H 4 (156, 157), is unknown as far as polyhedral boranes are con¬ 
cerned in that it contains a BH fragment capping the triangular Co 3 face 
of a C03B3 cluster. Such structural features are known in metal clusters, 
e.g., Os 7 (CO) 2 i (242), and can be accommodated in the PSEPT approach 
by noting that the presence of the capping fragment does not add to the 
number of cluster MOs required by the principal cluster (243). That is, 
Cp 3 Co 3 B 4 H 4 [and Os 7 (CO) 2 i] has seven cluster pairs that are only suffi¬ 
cient to meet the requirements of a closo, six-atom cluster. Hence, the 
compound adopts a capped octahedral structure that only requires seven 



Fig. 26. Structures of multinuclear metalloboranes not conforming to the PSEPT for¬ 
malism: (a) CP 3 C 03 B 4 H 4 (156a,b) and (b) Cp 4 M 4 B 4 H 4 , M = Ni. For M = Co the positions 
of atoms M and B in the figure are interchanged. (158, 160, 161). 
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electron pairs to accommodate seven cluster atoms. Again, this behavior 
is cluster-like and the metal-ligand picture is inappropriate. 

The second two examples in Fig. 26 have structures that are not ac¬ 
counted for under the PSEPT approach. Both Cp 4 Ni 4 B 4 H 4 and Cp 4 Co 4 B 4 H 4 
have similar structures, being formally closo dodecahedra with idealized 
D 2 d symmetry ( 158 , 160, 161). The cobalt compound has eight cluster 
pairs, one short of the number required by PSEPT for an eight-atom closo 
system. The nickel compound on the other hand has ten pairs, one more 
than required for a closo structure. In this regard these two compounds 
are examples of metalloboranes that constitute exceptions to the PSEPT 
approach and exhibit some of the variable behavior of metal cluster systems. 

The electronic factors leading to the observed structures of Cp 4 M 4 B 4 H 4 
have been discussed on the basis of extended Hiickel calculations and a 
perceptive fragment analysis (159). The key experimental observation is 
that there is a real difference between the cobalt and nickel structures. 
Both are closo dodecahedral structures but in the cobalt derivative the 
metal atoms occupy the high connectivity sites whereas in the nickel de¬ 
rivative they are found in the low connectivity sites. If the dodecahedron 
is viewed as formed from the fusion of an elongated tetrahedron and a 
flattened tetrahedron (Fig. 27) the former represents the low connectivity 
sites and the latter the high connectivity sites. Separate considerations show 
that the elongated tetrahedron is able to accommodate ten skeletal electron 
pairs while the flattened tetrahedron is suited for eight skeletal electron 
pairs. It is then noted that the valence orbitals of the metal fragment and 
the BH fragment differ in a significant fashion in that the energies of the 
former are lower than those of BH. Therefore when the two tetrahedral 
fragments are fused to form a dodecahedron the filled orbitals generated 
are more metal than boron-like. The net conclusion is that when the metal 



0 -4-coordinate atom 
O = 5-coordinate atom 

Fig. 27. The formation of a D ld dodecahedron from an elongated tetrahedron (black 
circles) and a flattened tetrahedron (open circles). 




Metalloboranes: Complexes and Clusters 


101 


atoms occupy the high connectivity sites in CP 4 M 4 B 4 H 4 the optimal skeletal 
electron count for the eight-atom cluster is controlled by the requirements 
of the flattened tetrahedron, i.e., eight pairs, and when the metal atoms 
occupy the low connectivity sites the optimal electron count is controlled 
by the requirements of the elongated tetrahedron, i.e., ten pairs. Hence, 
this analysis rationalizes the observed behavior of both Cp 4 Ni 4 B 4 H 4 and 
CP 4 C 04 B 4 H 4 . It must be kept in mind, however, that there are several 
skeletal structures for an eight-atom cluster system that do not differ ap¬ 
preciably in stability. Factors other than electronic appear to be important 
in controlling the actual structure observed in any given instance (244). 
In fact, an alternative explanation of Cp 4 Ni 4 B 4 H 4 and Cp 4 Co 4 B 4 H 4 based 
on special properties of dodecahedral boranes has been proposed (245). It 
is noted that the HOMO and LUMO in B 8 H 8 ~ are nondegenerate whereas 
for B„H^ _ for n = 5, 6 , 7, 10 , or 12 the HOMO-LUMO pair is degenerate. 
Thus in principle two electrons can be subtracted or added to B 8 H 8 “ to 
form B 8 H 8 (CP 4 C 04 B 4 H 4 ) or B 8 H 8 " (Cp 4 Ni 4 B 4 H 4 ) without generating an 
open-shell system that would be expected to be subject to Jahn-Teller 
distortion as would be the case for B rt H^ _ for n = 5, 6 , 7, 10, or 12. The 
preference of CpCo and CpNi for high and low coordination sites, re¬ 
spectively, is rationalized on the basis of the isolobal analogy, i.e., CpCo 
= BH and CpNi ^ CH, and the relative connectivity preferences of the 
main group fragments. Yet another explanation has recently ap¬ 
peared (246). 

3. Interstitial Compounds 

The preparation and characterization of metal clusters containing atoms 
encapsulated by the metal cluster has revealed some fascinating materials 
that find no analogs in borane chemistry (14). The chemical manipulation 
of carbide clusters to expose the carbide carbon to reaction allows the first 
systematic exploration of a bound form of carbon proposed to be similar 
to that found in bulk metals (247, 248). Recently the preparation and 
structural characterization of a novel iron-boron cluster containing four 
iron atoms and one boron has been reported (111). The compound, Fig. 
28, consists of a HFe 4 (CO ) 12 butterfly fragment bridged across the wing 
tips by a BH 2 ligand. Both the geometric structure and the 11 B chemical 
shift (6 = 106) suggest that this compound should be viewed as an iron 
boride rather than the “normal” ferraborane discussed above. This com¬ 
pound is related to tetrairon carbides, e.g., CFe 4 (CO)i 3 (248a) and 
HFe 4 (CH)(CO ) 12 (248b), and serves as a structural model for the inter¬ 
action of CH 2 with a four-atom cluster. Although the electron counting 
rules (PSEPT) can easily account for the structure of HFe 4 (BH 2 )(CO ) l2 
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o-bridging H 
OB 

#-Fe(C0) 3 

Fig. 28. The skeletal structure of HFe 4 (BH 2 )(CO) 12 (7 11). 


[the boron is considered interstitial and the four-atom cluster arachno; two 
electrons for each Fe(CO) 3 , three from boron, and one each from the 
bridging hydrogens], there is no borane analog of this compound. Hence 
its existence reflects cluster behavior restricted to the transition metals. 


B. The Transition from Complex to Cluster 

There are metalloboranes that can justifiably be described as metal- 
ligand complexes and there are metalloboranes that can only usefully be 
described as clusters. The series of compounds containing the B 5 H 8 frag¬ 
ment shown in Figs. 5, 19, and 22 demonstrates the transition in the metal- 
boron interaction from one that is purely metal-ligand in character to one 
that is closely cluster-like. In Cp(CO) 2 FeB 5 H 8 the metal-boron interaction 
is simply a two-center two-electron a bond. In L 2 CuB 5 H 8 the borane acts 
as a two-electron i r donor to the metal or, alternatively, the metal fragment 
replaces a bridging proton in B 5 H 9 . Note that the metal is located well 
below the plane defined by the basal borons of the five-atom borane. In 
(CO) 3 FeB 5 H 8 CuL 2 the boron-copper interaction is more complex. The 
copper is much closer to the basal boron plane but not within interaction 
distance of the apical boron. By adopting this geometry it is suggested that 
the borane is able to supply more than two electrons to the copper (see 
Section III,B,1). Finally, in (CO) 3 CoB 5 H 8 the metal clearly interacts with 
three borons and the metal is considered to be part of a six-atom cluster. 

The l, B NMR behavior (Table II) of the compounds containing the 
B 5 H 8 fragment suggests an increasing perturbation of the borane fragment 
in going from Cp(CO) 2 FeB 5 H 8 to (CO) 3 CoB 5 H 8 . In the first metalloborane 
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only the n B shift of the boron to which the metal is attached is significantly 
perturbed. For the second compound the chemical shifts are virtually the 
same as in B 5 H 9 . For the third compound the chemical shifts have not yet 
been reported and in any case the interpretation would be confused by the 
iron atom in the cluster. Finally, in the fourth compound the shifts of all 
the basal borons are considerably perturbed relative to those for B 5 H 9 . 

Apparently the structures of metalloboranes containing the B 5 H 8 frag¬ 
ment also define intermediates on a real reaction pathway (50). As noted 
in Fig. 29, the formation of the a-bonded metalloborane as well as the 
metalloborane in which the metal atom forms part of the cluster network 
can be considered to arise from the /^-bridged (“olefinic”) B 5 H 8 metal 
complex. The evidence for the scheme is circumstantial but persuasive. 
First, /^-bridged complexes of some metals have been isolated. For 
M = R 3 Ge or R 3 Si the /i-isomer can be isolated and then converted into 
the 2-isomer (249). Finally, an unstable and uncharacterized intermediate 
has been reported in the formation of the “metallohexaborane” 
L 2 (CO)IrB 5 H 8 from B 5 H 8 and Ir(CO)ClL 2 (50). This intermediate is sug¬ 
gested to be the /i-isomer. 

Lastly, this series of compounds illustrates a type of valence tautomerism 
of the B 5 H 8 fragment. Valence tautomerism in transition metal hydrocar¬ 
bon complexes is well known, e.g., a and ir allyl, but the versatility displayed 
by B 5 H 8 in this series in accommodating different metal requirements is 
unparalleled in organometallic chemistry. 



metalloboranes (50, 166). 
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V 

METALLOBORANES AS CHEMICAL INTERMEDIATES 

The usefulness of metalloboranes in synthetic procedures has not been 
established but there are indications that these compounds may well even¬ 
tually be valued intermediates. In this section we sketch out reactions that 
are potentially useful in this regard. 

Boranes as ligands (Section III) appear to be relatively weakly bound 
and under appropriate conditions are displaced by other Lewis bases. For 
example, the utilization of BH 4 as a leaving group led to the preparation 
of the first reported carbonyl derivative of Zr [Eq. (23)] (77). 

[Cp 2 Zr(BH.)] 2 — Cp 2 Zr(CO) 2 ( 23) 

CO 

The displacement of the borallyl ligand led to the preparation of the first 
example of a tetrakis(trialkylphosphine)platinum(0) complex [Eq. (24)] 
(132, 133) 

(R 3 P) 2 PtB 3 H 7 + 2PR 3 — Pt(PR 3 )< (24) 

and the displacement of B 3 Hg by phosphine has also been used to prepare 
derivatives difficult to synthesize by other routes [Eq. (25)] (235). 

(CO) 4 MoB 3 H 8 ~ + 2PH 3 — (CO) 4 Mo(PH 3 ) 2 + B 3 H 8 “ (25) 

The reaction of tetrahydroborates with transition metal complexes pro¬ 
duces metal tetrahydroborates that in some cases decompose to transition 
metal hydrides [Eq. (26)] (90). 

Ir(H)Cl 2 [P-(/-Bu) 2 Me] 2 — Ir(H) 2 (BH 4 )[P-(/-Bu) 2 Me] 2 — Ir(H) 5 [P-(/-Bu) 2 Me] 2 (26) 

Lewis bases may also be used to displace BH 3 from metal tetrahydroborates 
to produce metal hydrides (250). 

The metal atom of some metalloboranes serves as a site for the insertion 
of alkynes into the borane fragment [Eqs. (27) and (28) and Section 
III,A,2] (146, 152). 

2-CpCoB 4 H 8 HOS ^ l-CpCoC 2 B 3 H 7 (27) 

l-(CO) 3 FeB 4 H 8 + CH 3 0=CCH 3 * (CH 3 ) 4 C 4 B 4 H 4 (28) 

These reactions suggest ways of preparing heteroborane clusters that 
heretofore have been unavailable. Metalloboranes may also prove use¬ 
ful in fusing or coupling cages. Although this technique has been used 
successfully in coupling carboranes, so far the mercury(II) derivative 
of B 5 Hg has yielded only traces of coupled product on heating 
[Eq. (29)] (186). 

B 5 H,HgB 5 H,-(B 5 H ,) 2 


(29) 
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Finally, Eq. (22) demonstrates that a borane ligand can function in a 
reversible multidentate manner. Thus (CO) 3 MnB 3 H 8 (Fig. 18) is a com¬ 
pound that reversibly “reveals” an.unsaturated metal site to potential li¬ 
gands [Eq. (30)] where the brackets indicate B 3 H 8 coordination as in Fig. 
5 (57, 727, 128). As metal unsaturation is intimately 

(CO) 3 MnB 3 H 8 ^ [(CO) 3 B 3 H*Mn] (CO) 3 LMnB 3 H 8 (30) 

-L 

involved in catalytic cycles, metalloboranes may well be found to be active 
in this regard, making them comparable to metallocarboranes already 
known to function in this way (257). 


VI 

CONCLUSIONS 

In this review we have tried to analyze the various faces that metallo¬ 
boranes present to an observer. Clearly metalloboranes mimic very closely 
some aspects of metal-hydrocarbon 7r-complexes and much can be learned 
from the comparison of the two. But in the metal-hydroborates, boranes 
exhibit ligand behavior for which there are few hydrocarbon analogs. On 
the other hand, in contrast to metal-hydrocarbon complexes, the electro¬ 
positive character of boron apparently permits borane fragments to sim¬ 
ulate metals in terms of cluster behavior. This leads to classes of metal¬ 
loboranes, the metal-boron interactions within which can only be realis¬ 
tically described as cluster-like. Thus metalloboranes serve as a real bridge 
between metal-hydrocarbon 7r-complexes and metal clusters. But they have 
the potential to be more than a simple conceptual tool. The chemistry of 
these materials, which is gradually being revealed, suggests some dimen¬ 
sions in reactivity beyond those of either metal-hydrocarbon complexes or 
metal clusters. 
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I 

INTRODUCTION 

During the past decade soluble transition metal catalysts have become 
increasingly more important in a wide range of reactions; included in these 
are the “oxo process” or hydroformylation, olefin metathesis or isomer* 
ization, hydrogenation, polymerization, and oligomerization (/, 2). In all 
of these processes coordination of the substrate to the transition metal is 
an essential step. However, before coordination of the substrate can occur, 
a vacant site must be available in the coordination sphere of the metal 
(2). In many cases, the vacant site or free coordination site is created in 
solution by dissociation of a bonded ligand either thermally or photochem- 
ically promoted. In this connection knowledge of ligand substitution re¬ 
actions on low-valent saturated metal centers, whether these be mononu¬ 
clear metal complexes or metal clusters, remains a basic requirement for 
the proper design and understanding of homogeneous catalytic processes. 
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Kinetic studies of ligand substitution reactions of metal carbonyl deriv¬ 
atives have played a particularly important role in the elucidation of the 
details of reactions in general involving the displacement of neutral ligands 
(e.g., CO, phosphines, olefins, and amines) from metal centers in low ox¬ 
idation states. The generalized reaction for ligand substitution entailing 
derivatives of metal carbonyls may be represented by Eq. (1). Basolo (4) 
has recently published a very interesting chronological survey of the mech¬ 
anisms of carbon monoxide replacement reactions in metal carbonyls. In 
addition, ligand substitution reactions in metal carbonyls have been the 
subject of excellent reviews (e.g., see Refs. 5-9). Hence, the object of this 
particular article is not to provide a comprehensive coverage of all aspects 
of the subject. Instead, this article will focus on the basic mechanistic 
chemistry of ligand substitution reactions of octahedral metal carbonyl 
complexes with special emphasis being placed on stereochemical consid¬ 
erations. Many of the recent developments in this area have come about 
because of the availability of stable isotopes of carbon and oxygen at sig¬ 
nificantly reduced prices, along with rapid synergistic advances in instru¬ 
mentation (in particular, Fourier transform nuclear magnetic resonance 
spectroscopy). 


LrtMCCO)*^!/ + CO 


L^NKCO)* + L' 


+ L 


0 ) 


II 

CLASSIFICATION OF LIGAND SUBSTITUTION MECHANISMS 

Langford and Gray (70) have classified the three possible intimate mech¬ 
anisms for ligand substitution processes as (a) dissociative (D), (b) asso¬ 
ciative (A), and (c) interchange (I). The latter designation may be further 
subdivided into I<j and I a , depending on the extent to which both the entering 
and leaving groups participate in the transition state. 


A. The Dissociative Pathway 

The dissociative mechanism [Eqs. (2) and (3)] that affords an inter¬ 
mediate of reduced coordination number, is by far the most common path- 
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way for substitution reactions involving 18-electron complexes. The rate 
constant expression depicted in Eq. (4) reduces to k obs = k x for the condition 
that is usually satisfied, /c_ t [A] < /c 0 [B]. That is, reactions are generally 
carried out in solutions where the concentration of the incoming ligand 
(B) exceeds that of the leaving ligand (A). Both ligand competition and 
flash photolysis studies have shown that the 16-electron intermediates are 
highly reactive, and hence exhibit little selectivity in achieving a coordi- 
natively saturated species (/c_j « k 0 ). This is illustrated in Table I which 
contains a compilation of ligand-competition studies, where k- x /k 0 ratios 
have been determined for various pentacoordinate intermediates reacting 
with a range of incoming ligands (11-15). Similar ligand-competition ratios 
indicative of nondiscriminating transients have been observed for the tri¬ 
coordinate intermediate [Ni(CO) 3 ] (16), the tetracoordinate intermediates 
[Fe(CO) 3 C(OC 2 H 5 )CH 3 ] (17) and [Fe(CO) 4 ] (18), and intermediates 
arising from CO dissociation in Co 4 (19) and Ru 3 (20) carbonyl clusters. 

M(L)„A * M(L)„ + A (2) 

M(L)„ + B-^M(L)„B (3) 


TABLE I 


Competition Ratios for the Combination of Five-Coordinate Intermediates 
with Various Lewis Bases 


Intermediate 

Departing 

ligand 

(A) 

Entering 

ligand 

(B) 

k-Jk 0 

Reference 

Mo(CO) 5 a 

Piperidine 

Ph 3 As 

1.00 

11 



Ph 3 P 

0.85 

11 



(MeO) 3 P 

0.74 

11 

Mo(CO) 4 PPh 3 fl 

Piperidine 

CO 

3.24 

12 



Ph 3 As 

2.13 

.12 



(/i-Bu) 3 P 

1.47 

12 



Ph 3 Sb 

0.90 

12 



Ph 3 P 

0.68 

12 



CjHsCCCHjOJjP 

0.42 

12 

V(CO); * 

PPh 3 

(PhO)jP 

0.78 

13 

(Phen)Cr(CO) 3 c 

PPh 3 

(»-Bu) 3 P 

1.0 

14 



(PhO)jP 

1.0 

14 


a Hexane solvent. 
b Tetrahydrofuran solvent. 
c Dichloroethane solvent. 
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fc.*o[B] 

k- x [A] + MB] 


( 4 ) 


Dobson (14) has recently obtained parallel ligand-competition results 
and pulsed laser flash photolysis data for the reaction of the five-coordinate 
intermediate, (phen)Cr(CO) 3 , with phosphine and phosphite ligands [Eq. 
(5)]. On the basis of “competition ratios” at several temperatures of 1.0 
and identical bimolecular rate constants, 3.1 X 10 6 M~ ] sec -1 (versus the 
diffusion-control rate constant of 7.5 X 10 9 M -1 sec -1 ), he concludes that 
the (phen)Cr(CO) 3 intermediates produced thermally and photochemically 
are the same and that by Hammond’s postulate (21), the (phen)Cr(CO) 3 
intermediate and the transition state leading to its formation are very 
similar in nature. It also follows that the products of ligand dissociation, 
the pentacoordinate 16-electron intermediates, in related systems such as 
those provided in Table I are the best models for the transition-state struc¬ 
tures. More will be said about the structural and fluxional features of these 
pentacoordinate intermediates in a later section. 

(phen)Cr(CO) 8 PPhg 



(phen)Cr(CO ) 9 -► (phen)Cr(CO) 3 L (5) 

(phen)Cr(CO ) 4 

In general the rates of carbon monoxide dissociation from group VIB 
metal carbonyl compounds follow the order Mo > Cr > W, and similarly 
for the group VIIB metal carbonyl compounds where Mn > Re. Table II 
contains representative data, along with activation parameters, illustrating 
this metal dependence. The enthalpy and entropy of activations listed in 
Table II are consistent with metal-ligand bond-breaking processes. It is 
also evident from the rate data provided in Table II that metal-CO bond 
lability is extremely sensitive to the nature of the ligands in the coordination 
sphere of the metal. Substitution of the carbon monoxide ligand by “hard” 
Lewis bases (28) greatly accelerates the rates of M —CO bond cleavage. 
The origin of this phenomenon will be discussed in detail in a later section 
of this article. 

There are several systematic rate studies for dissociation of ligands other 
than carbon monoxide in group VIB metal carbonyl derivatives (29-35). 
One such investigation where ligand steric effects are minimal has been 
carried out for the reaction described in Eq. (6) (34, 36). The rate param¬ 
eters determined for this substitution reaction (collected in Table III) are 
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TABLE II 


Rate Parameters for CO Dissociation in Group VIB 
and VIIB Carbonyl Compounds* 


Compound 

Solvent 

k ] (sec ') 

AH* 

(kcal mol -1 ) 

A S* 
(eu) 

Reference 

Cr(CO) 6 

Decalin 

1 X 10 ,J 

40.2 

22.6 

22 

Cr(CO) 5 PR 2 R' 

Octane 

1.5 X lO" 10 

32.3 

6.4 

23 b 

Cr(CO) 5 CC 

Diglyme 

1.5 X I0“ 4 

— 

— 

24 

Mo(CO) 6 

Decalin 

5 X 10-'° 

31.7 

6.7 

22 

Mo(CO) 5 PR 2 R' 

Octane 

2 X 10‘* 

28.7 

3.4 

25 b 

Mo(CO) 5 C|- 

Diglyme 

>10’’ 

— 

— 

24 

W(CO) 6 

Decalin 

1 X I0' 14 

39.9 

13.8 

22 

W(CO)jPR 2 R' 

Nonane 

4 X 10"' 3 

37.0 

9.6 

23 b 

w(co) 5 cr 

Diglyme 

5 X l(T 5 

— 

— 

24 

Mn 2 (CO)io c 

/7-Xylene 

1 X I0‘" 

37.0 

— 

26 

Mn(CO) s Br < ' 

Hexane 

2.8 X 10' 5 

29.2 

— 

27 

Re 2 (CO) l0 '' 

Decalin 

<I0 13 

— 

— 

26 

RetCOjBr^ 

Hexane 

5 X I0“ 7 

— 

— 

27 


* Taken from tables in Ref. 9. Group VIb metal carbonyl rate data at 30°C. Original data 
are to be found in the references cited in the above table. 

* PR 2 R' = Ph 2 PCH 2 CH 2 PPh 2 . 
f Data at 23°C. 

d Data at 30°C. 

congruous with rate-determining dissociation of the ligand L and reflects 
the Cr—L binding strengths. This latter conclusion is based on the fact 
that the common intermediate in these reactions, Cr(CO) 5 , closely resem¬ 
bles the transition state (vide supra) as depicted in Fig. 1. The order of 
ligand lability from Eq. (6) was found to be py > AsPh 3 > CO « PPh 3 

TABLE III 

Rate Parameters for Dissociation of L in Cr(CO) 5 L Compounds at 130°C 


AH* 


L 

k X I0‘ (sec 1 ) 

(kcal mol ') 

AS* (eu) 

Reference 

Pyridine 

1.34 X I0‘ 

25.4 ± 1.1 

3.1 ± 3.5 

36 

Ph 3 As 

8600 

35.3 ± 0.4 

22.2 ± 1.2 

34 

co- 

106 

40.2 ± 0.6 

22.6 ± 1.5 

22 

PhjP 

99.7 

36.3 ± 1.9 

12.5 ± 4.8 

34 

(PhO)jP 

15.6 

31.9 ± 1.1 

-2.0 ± 2.6 

34 

(CH 2 0) 3 P 

0.548 

— 

— 

34 


Reaction temperature 129.2°C. 
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REACTION COORDINATE 

Fig.’ 1. Plot of free energy versus reaction coordinate for the reaction of Cr(CO) 5 L 
+ CO — Cr(CO ) 6 + L. 


> P(OC 6 H 5 ) 3 > P(OCH 3 ) 3 > P(/i-Bu) 3> with Cr(CO) 5 P(/i-Bu) 3 existing 
in equilibrium with Cr(CO) 6 (K cq = 4.2 X 10 -5 at 130°C). A similar less 
dramatic trend in Cr~L bond strengths was noted from an investigation 
of ligand dissociation from (phen)Cr(CO) 3 L [Eq. (7)] that provided an 
order of Cr—L bond strengths: 

Cr(CO) 5 L + CO —* Cr(CO) 6 + L (6) 

(phen)Cr(CO) 3 L + CO —* (phen)Cr(CO) 4 + L (7) 

P(/i-Bu) 3 > P(OEt) 3 > CO > P(OPh) 3 > PPh 3 . These kinetically deter¬ 
mined metal-ligand binding strengths are qualitatively observed in a va¬ 
riety of low-valent mononuclear and cluster metal carbonyl derivatives 
where the stronger metal-phosphorus bonds involve good sigma donor or 
good 7r-acceptor ligands. X-Ray structural data for M—P bond distances 
are supportive of these conclusions (37). 
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Ligand steric requirements, as semiquantitatively defined by their cone 
angles (38) (in general obtained from molecular models), can often be of 
major importance in determining the rates of ligand dissociation in com¬ 
plexes where steric congestion is large. We have for some time maintained 
an interest in steric effects on the rates of ligand substitution processes in 
metal carbonyl derivatives (52, 55). For example, investigations involving 
cls-Mo(CO) 4 L 2 derivatives [Eq. (8)] show steric interactions to be of par¬ 
amount importance in determining rates of phosphorus ligand dissociation 
(see Table IV). Indeed X-ray structural data indicate significant steric 
crowding when L is a bulky phosphorus ligand (40). This is illustrated in 
an ORTEP drawing of the a\y-Mo(CO) 4 [PPh 3 ] 2 compound in Fig. 2, where 
the P—Mo—P angle was found to be 104.6°. This represents a gross dis¬ 
tortion of the idealized octahedral geometry, presumably caused by inter¬ 
ligand steric interactions. In contrast, in the ris-Mo(CO) 4 [PPh 2 Me] 2 de¬ 
rivative, where the two PPh 2 Me ligands are able to orient themselves so 
as to minimize steric interactions (see Fig. 3), the P—Mo —P angle was 
determined to be 92.5°. As listed in Table IV, the rates of dissociative loss 
of P?h 3 and PPh 2 Me from the corresponding m-Mo(CO) 4 L 2 compounds 
are 3.16 X 10 3 sec 1 and 1.33 X 10 -5 sec -1 , respectively. Although the 
Mo—P distances of 2.555(10) A in a>Mo(CO) 4 [PPh 2 Me] 2 and 2.577(2) 
A in m-Mo(CO) 4 [PPh 3 ] 2 indicate some of the decrease in lability in the 
PPh 2 Me derivative to be electronic in nature, most of this decrease is 
believed to be caused by steric considerations. Nevertheless, electronic ef- 


TABLE IV 

Rates of Ligand (L) Replacement by CO at 70°C in CO-Saturated 
Tetrachloroethylene for c/5*Mo(CO) 4 L 2 Derivatives 



Cone angle 


AH* 

AS* 

L 

(deg)" 

Rate (sec *) 

(kcal mol -1 ) 

(eu) 

PNj(CHA 

102 * 

<i.o x io~ 6 



PMe 2 Ph 

122 

<i.o x 10 6 



PMePh, 

136 

1.33 X 10 5 



PPh 3 

145 

3.16 X 10“ 5 

29.7(5) 

14.2(14) 

PPhCy 2 

162 c 

6.40 X 10“ 2 

30.2(16) 

21.7(39) 

P(OCH 2 ) 3 CEt 

101 

<1.0 x io-‘ 



P(OPh) 3 

128 

<1.0 X 10 5 



P(0-o-tol) 3 

141 

1.60 X lO' 4 

31.9(11) 

14.4(35) 


° Taken from Ref. 38 unless otherwise noted. 

b R. J. DeLerno, L. M. Trefonas, M. Y. Darensbourg, and R. J. Majeste, Inorg. Chem. 15, 
816 (1976). 
f Taken from Ref. 32. 
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fects are superimposed on steric interactions in determining the rates of 
phosphorus ligand dissociation in cis- Mo(CO) 4 L 2 species are seen in Table 
IV where phosphites of similar cone angle to phosphines (but having greater 
x-acceptor abilities) dissociate more slowly. The origin of the steric ac¬ 
celerations is often of a transition-state nature where the relief of interli¬ 
gand steric repulsions upon ligand dissociation allows the remaining metal- 
ligand bonds to attain values closer to their electronic equilibrium positions. 

c/>Mo(CO) 4 L 2 + CO —* Mo(CO) s L + L (8) 

Similarly, comparative kinetic studies of either cis-CO labilization or 
phosphine dissociation in W(CO) 5 PMe 3 and W(CO) 5 P(/-Bu) 3 derivatives 
demonstrate both processes to be greatly enhanced in the sterically de¬ 
manding P(/-Bu) 3 species ( 41 ). These observations are consistent with the 
solid-state structures of these complexes, where the W—P bond distance 
is some 0.170(6) A longer in the P(/-Bu) 3 derivative and the P—W—C eq 
angles average 96.6° ( 42 , 43). The Tolman cone angles for these two 
phosphine ligands which are of similar basicities, PMe 3 and P(/-Bu) 3 , are 
118 and 182°, respectively (55). It should be noted parenthetically that 
in employing cone angles as defined by Tolman (55), it is important to 
consider ligand intermeshing as illustrated by Clark (44). 

A kinetic study of ligand dissociation from a variety of trans-C r(CO) 4 L 2 
derivatives has been reported that was designed to minimize interligand 
steric interactions and maximize electronic effects (55). The activation 
parameters for the process described in Eq. (9) (see Table V) are indicative 
of a rate-determining dissociation of the ligand L to afford the 16-electron 
Cr(CO) 4 L intermediate (vide infra). The order of ligand dissociation, 
AsPh 3 > PPh 3 > P(/i-Bu) 3 > P(OPh) 3 > CO > P(OCH 3 ) 3 , is similar to 
that observed by these researchers for ligand dissociation in Cr(CO) 5 L 


TABLE V 


Activation Parameters for the Dissociation 
of L from r/-fl^-Cr(CO) 4 L 2 Derivatives 0 


L 

A H* (kcal mol ') 

AS* (eu) 

P(OPh)j 

37.6(10) 

18.6(26) 

P(n-Bu), 

42.5(18) 

33.2(45) 

P(OCHj)j 

43.4(6) 

25.5(16) 

PPh/ 

31.3(12) 

21.2(36) 


"Taken from Ref. 35. 

*J. D. Atwood and M. J. Wovkulich, personal com¬ 
munication. 
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(34). The exception in the ordering of ligand dissociation in the two studies 
[Eqs. (6) and (9)], P(/i-Bu) 3 , was explained on the basis of a ground-state 
bond weakening in the /ra^-Cr(CO) 4 [P(n-Bu ) 3 ]2 species due to excessive 
buildup of (r-electron density along the P—Cr—P axis. The 7r-bonding 
capability of the trans disposed ligands (L) was thought to be important 
in determining the rates of ligand dissociation in these bis chromium de¬ 
rivatives. 

trans- Cr(CO) 4 L 2 + CO —* Cr(CO) 5 L + L (9) 

Pi-Bonding effects have also been used to account for the increase in 
PPh 3 lability in V(CO) 5 PPh 3 in the presence of sodium cations (46). Ion 
pairing between Na + and the axial CO ligand in V(CO) 5 L" derivatives has 
been established via infrared spectroscopy in tetrahydrofuran solvent (46, 
47). Hence, the faster rate of PPh 3 dissociation was suggested to be due 
to a loss of V —♦ P x-back bonding in the presence of trans CO - • • Na + , 
a ligand that competes better for metal d electrons than does unperturbed 
CO. On the other hand in the V(CO) 5 P(n-Bu) 3 species, where x bonding 
between phosphorus and vanadium is expected to be minimal, no significant 
rate enhancement was observed in the presence of Na + ions although a 
great deal of ion pairing existed. As provided in Table I, the anionic five- 
coordinate V(CO)s intermediate in these ligand dissociation reactions ex¬ 
hibited little discrimination in its reactivity toward incoming Lewis bases, 
a feature in common with its neutral analogs. Parallel ion pairing effects 
are responsible for the large rate acceleration observed for dissociative CO 
loss in the anionic HFe(CO) 4 species in the presence of the sodium cation 
as compared with the PPN + [bis(triphenylphosphine)iminium] cation (48). 

The effect of charge on the metal on the rates of ligand dissociation is 
evident when comparing reactions of the monosubstituted, isoelectronic 
V(CO) 5 PPh 3 and Cr(CO) 5 PPh 3 derivatives (34, 46). Dissociation of the 
PPh 3 ligand occurs more readily from V(CO) 5 PPh 3 as might be expected 
because of less donation by the ligand to the more negative metal center 
resulting in a weaker M—PPh 3 bond. 


B. The Associative Pathway 

The associative mechanism [Eq. (10)] involves addition of incoming 
ligand to the complex in the first step affording an intermediate of increased 
coordination number. Because of the strong tendency for organometallic 
compounds to adhere to the rule of not exceeding 18 electrons in the 
coordination sphere of the metal (45), the associative pathway is not in 
general a route open to 18-electron complexes for ligand substitution. In- 
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deed, Tolman (l) has formulated a rule that essentially states that 18- 
electron complexes will not undergo ligand substitution via a 20-electron 
intermediate, but will instead react by dissociation involving a 16-electron 
intermediate. Basolo ( 4 ) has recently qualified this statement by formally 
stating the following rule: Substitution reactions by 18-electron transition 
metal organometallic compounds may proceed by an associative mecha¬ 
nism provided the metal complex can delocalize a pair of electrons onto 
one of its ligands. This dictum is employed in explaining the second order 
kinetics observed in the displacement of arenes in (arene)Mo(CO) 3 by 
phosphorus ligands [Eq. (12)] (49). In this instance the arene goes from 
t/ 6 —> t/ 4 in the transition state or intermediate, thus preserving the 18- 
electron configuration about the metal center [Eq. (12a)]. Reaction prod¬ 
ucts of this type, (triene)Mo(CO) 3 L, have actually been isolated from the 
reaction of (triene)Mo(CO) 3 (triene = bicyclo[6.1,0]nona-2,4,6-triene) 
with phosphites and carbon monoxide (50, 51). Moreover, the arene ligand 
has been structurally characterized in its r/ 4 -bonding mode in the solid state 
(52, 55), and implication of r/ 4 -arene-metal complexes as intermediates in 
the catalytic hydrogenation of arenes have been reported (39, 54). 

M(L)„A + B - M(L)„(A)B (10) 


M(L)„B + A 



si 

O 



(ii) 

L 3 + arene 

(12) 

jQ) 


Mo—L 

(12a) 


Other instances of ligands capable of delocalizing a pair of electrons 
and, hence, allowing the substitution process to occur by means of an 
associative route include NO and cyclopentadiene (55, 56). For example, 
although Fe(CO) 5 undergoes carbon monoxide substitution by a dissocia¬ 
tive mechanism (57, 58), ligand substitution in the isoelectronic 
Mn(CO) 4 NO complex occurs by an associative process (55). This latter 
process presumably proceeds via a bent nitrosyl ligand in the transition 
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state (i.e., Mn s= N = 0 : -» M + — NSimilarly, Co(CO) 2 (»j 5 - 
C5H5) exhibits second order kinetics in its CO substitution reactions, which 
is explained by the intermediacy of a Co(i? 3 -C 5 H 5 ) species (56). Pertinent 
to this proposal was the presentation of infrared evidence for (?/ 3 - 
C 5 H 5 )Co(CO) 3 in a CO matrix at 12°K (59). 

Evidence has recently been provided for solvent coordination in a mi¬ 
gratory carbon monoxide insertion reaction (Scheme 1) in which the solvent 
is displaced by incoming phosphine by an associative pathway (60). This 
presumably is another instance of an i? 5 -C 5 H 5 —> tj 3 -C 5 H 5 transformation 
in the transition state (vide infra). Rate measurements in solvents of vary¬ 
ing donicity (67) (THF, 2-MeTHF, 3-MeTHF, and 2,5-Me 2 THF) but 
similar polarities were used to demonstrate that direct attack of the donor 
solvents at the metal center was occurring concurrently with alkyl mi¬ 
gration. 

The cyclopentadiene ligand is capable of delocalizing an additional pair 
of electrons with concomitant formation of an tj'-C 5 H 5 species. An illus¬ 
tration of this is seen in the work of Casey and Jones (62) for the conversion 
of T; 5 -C 5 H 5 Re(NO)(CO)CH 3 and two equivalents of PMe 3 to V- 
C 5 H 5 Re(NO)(CO)(CH 3 )[PMe 3 ] 2 . This conversion was shown to follow 
second order kinetics, first order in both 7j 5 -C 5 H 5 Re(NO)(CO)CH 3 and 
PMe 3 , presumably through an intermediate possessing a “slipped” C 5 H 5 
ligand. 

A recent kinetic investigation of a carbon monoxide substitution process 
involving a saturated metal center that proceeds by an associative mech¬ 
anism is described in Eq. (13) (6i). This represents yet another ligand 



i 


PMePh, 


(S = solvent) 


Scheme 1 



Ligand Substitution in Metal Carbonyls 


125 


system capable of delocalizing a pair of electrons onto itself [Eq. (14)]. 
Stabilization of this transition state by Lewis acids such as BF 3 was found 
greatly to facilitate nucleophilic attack at the iron center, as noted by a 
10 6 -fold increase in the rate of reaction (13) when L = PPh 3 . The activation 
parameters support the associative nature of this reaction, e.g., for the 
incoming ligand L = PMe 3 , A H* = 6.9 ± 2 kcal mol -1 and AS* - —31.4 
± 0.7 eu. It is informative to compare these parameters to those obtained 
in reaction processes where attack occurs not at the metal center but instead 
at the carbon atom of the carbon monoxide ligand in metal carbonyl de¬ 
rivatives. An example of such a process is given in Eq. (15), where AH* 
= 9.4 ± 0.9 kcal mol -1 and AS* = —44.0 ± 3.2 eu (64). 


h 3 c 

-J-N 

OC-FeOl 

OC n N^ N 


+ L 


H 3 c 


\ 


•N: 


y 
Fe 

V ^\T ; 


Ground state 


H 3 C 

OC> f(Oi 


OC 


\ n -N 


h 3 c 


F £. 

N" 


-N: 

II 

-N: 


/ 


Transition state 


+ CO 


(13) 


(14) 


Ph 3 PFe(CO) 4 + BzMgCl — [Ph 3 PFe(C0) 3 C(0)Bz-][MgCl + ] 


(15) 


By . way of contrast, carbon monoxide substitution in Ph 3 PFe(CO) 4 , where 
a mechanism for delocalizing a pair of electrons onto a ligand center does 
not exist, occurs by a rate-limiting CO dissociative pathway with AH* 
= 42.5 ± 1.2 kcal mol -1 and AS* = +18.4 ± 2.8 eu (65). 


C. The Interchange Pathway 

Many ligand substitution processes involving 18-electron transition metal 
organometallic compounds proceed through concurrent ligand-independent 
(vide supra) and ligand-dependent pathways. A classic illustration of this 
type behavior is exemplified in the substitution of carbon monoxide in group 
VIB M(CO) 6 species by phosphorus ligands [Eq. (16)] (22, 66). Notwith¬ 
standing Basolo’s criterion for associative mechanisms, the ligand-depen¬ 
dent pathway for these type processes nevertheless has been widely 
rationalized in terms of an associative (S N 2) mechanism. However, con¬ 
temporary thinking with regard to these processes is that they occur by 
concerted or interchange pathways designated by I a or I d . The I a designation 
applies to processes where the transition state entails substantial bonding 
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of both the incoming and leaving ligands, whereas in processes the tran¬ 
sition state involves only a weak bonding to both the incoming and leaving 
ligands. The distinguishing feature between the interchange pathway and 
those previously discussed (i.e., D and A) is “the absence of an intermediate 
in which the primary coordination number of the metal is modified” (10). 


M(CO)« + L — M(CO) 5 L + CO 

(16) 

rate = (*, + * 2 [L])[M(CO) 6 ] 

(17) 

The proposed mechanism for an interchange ligand substitution that 
proceeds to completion is given by Eqs. (18)—(20). 

M(L)„A + B n M(L)„A-B (rapid) 

(18) 

*2 

M(L)„A • B — M(L)„B- A 

(19) 

fast 

M(L)„B'A —* M(L)„B + A 

(20) 

The rate constant expressions [Eqs. (21) and (22)] are: 

MT,[B] 
obs 1+JC,[B] 

11 1 
*ob S " *2 + MT.[B] 

(21) 

(22) 


It should be stressed here that the I a and A classifications are in general 
equivocal. In the absence of a kinetically detectable intermediate where 
the coordination sphere of the metal has been expanded, or at least acti¬ 
vation parameters, it is difficult to distinguish between these two processes. 
For example, the associative (S N 2) displacement of solvent by phosphine 
in Scheme 1, which is accountable in terms of an ?/ 5 —> ?/ 3 transformation, 
can alternatively be described as occurring by means of an I a pathway. 
Further, it is of importance to state explicitly that our working definition 
of the entering and departing ligands’ interactions in the transition state, 
which allows for distinguishing between the I a and Id processes, involves 
the extent of bonding of those ligands with the metal center. This is to 
differentiate between interactions occurring elsewhere in the complex, e.g., 
hydrogen bonding between a ligand coordinated to the metal and an in¬ 
coming ligand (vide infra) (67). 

Kinetic differentiation of the I d and D mechanisms has been proposed 
based on the fact that the rate constant expression for the interchange 
process [Eq. (22)] does not show a concentration dependence on the de¬ 
parting ligand (A) whereas the corresponding expression for the dissociative 
process [Eq. (4)] does (68). The fallacy with this reasoning is that for the 
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commonplace occurrence, where the departing and entering ligands are 
similar in character, it is necessary to include the equilibrium process in¬ 
volving outer-sphere complex formation with the departing ligand (A) in 
the interchange process [Eq. (23)] (69). Inclusion of Eq. (23) in the in¬ 
terchange pathway described by Eqs. (18)—(20), results in the rate constant 
expression [Eq. (24)]. 

*2 

M(L)„A + A M(L)„A- A (23) 

Equations (24) and (4) have equivalent algebraic forms, i.e., if AT 2 [A] 
> 1 the slopes computed by the reciprocal forms of Eqs. (4) and (24) will 
vary identically with [A]. In other words, the overall rate can be equally 
affected by the competition of A and B for the highly reactive coordinatively 
unsaturated intermediate, M(L)„, or by competition of A and B to form 
outer-sphere complexes with M(L)„A. Equation (23) would not in general 
be of significance for the instance where the departing ligand (A) is carbon 
monoxide. Hence, the lone observation of a retardation of the rate of ligand 
substitution as a function of the departing ligand’s concentration is insuf¬ 
ficient evidence to differentiate kinetically between D and I d pathways. 
Other necessary information would include activation parameters, solvent 
effects, and sensitivity of substitution rates to the nature of the entering 
ligand. 

, k 2 K,[ B] 

obs 1 + AT,[B] + AT 2 [A] (24) 

Intimate mechanistic information for substitution reactions occurring at 
octahedral metal centers has been gained from studies of the replacement 
of the amine ligand in M(CO) 5 -amine complexes, where M = Cr, Mo, W 
[Eq. (25)] (77, 67 , 70-72). Because of the low nucleophilicity of carbon 
monoxide, its participation in the transition state when employed as the 
entering ligand in reactions of the type defined by Eq. (25) is minimal. 
Therefore, ligand substitution investigations of the reactions of M(CO) 5 - 
amine with CO, in the absence of added amines, to afford M(CO) 6 readily 
provide the rate and activation parameters for M-amine dissociation. Both 
ligand-independent and ligand-dependent terms are observed in the rate 
constant expression for other entering ligands (L), such as phosphines or 
phosphites. This is analogous to the kinetic behavior noted for carbon 
monoxide substitution processes in the parent metal hexacarbonyls 
[Eq. (16)]. 

M(CO) s amine -I- L —* M(CO) 5 L -I- amine (25) 

The ligand-independent rate parameters obtained employing either CO 
or phosphines as incoming ligands were identical, thus signifying a common 
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reaction pathway, i.e., a rate-determining dissociation of the amine pro¬ 
viding M(CO) 5 . Consistent with this proposal the first order rate param¬ 
eters varied with the nature of the departing amine group, decreasing with 
increasing amine basicity. On the other hand, the ligand-dependent term 
exhibits a significant dependence on both the leaving and entering groups. 
Since in general these ligand-dependent pathways possess activation pa¬ 
rameters that parallel those for the dissociative process over a wide range 
of substrates (see some examples in Table VI), a dissociative interchange 
mechanism (I d ) is inferred. The decrease in A H* for the I d pathways is 
due primarily to differing extents of bond breaking in the bond to the 
departing ligand (//). 

For selected amine ligands that contain an NH grouping, spectroscopic 
evidence for the formation of a kinetically labile hydrogen-bonded adduct 
during the reaction of M(CO) 5 amine with PR 3 in the presence of catalysts 
such as (/j-Bu) 3 P=0 has been presented ( 67 , 71). This process is described 
in Eqs. (26)—(29); where C represents the (w-Bu) 3 P~0 catalyst, B the 
incoming PR 3 ligand, and NHR 2 the departing amine group. Alternatively, 
B may directly add to the (L)„M intermediate as C removes the amine 
from the metal center. However, the rapid reversible association process 
[Eq. (26)] increases the effective concentration or activity of C at the 
reaction site and hence serves as an “entropy trap.” The rate constant 
expressions for the general base catalyzed path are identical to those pre- 


TABLE VI 


Enthalpies of Activation for First and Second Order Reaction 
Processes Involving Octahedral Complexes 


Reaction" 


AH* (kcal mol l ) 


Ligand- 

independent 

Ligand- 

dependent 

Reference 

Cr(CO) 6 + P(n-Bu) 3 

40.2 

25.5 

22 

Mo(CO). + P(n-Bu) 3 

31.7 

21.7 

22 

W(CO) 6 + P(n-Bu)j 

39.9 

29.2 

22 

Cr(CO),C(OMe)Me + PEt, 

26.8 

20.6 

73 

Mo(CO) 5 NHC5H I0 + PPhj 

25.8 

16.5 

11 

Cr(CO) t + NJ 

— 

18.3 

74 

Mo(CO) t + Nj“ 

— 

15.3 

74 

W(CO) 6 + Nj 

— 

12.8 

74 


° The reactions with phosphines involve simple ligand substitution to afford the 
phosphine derivatives, whereas the reaction with azide provides the M(CO) 5 NCO 
species. 
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viously described for the I d process [Eqs. (21) and (22)], and are given by 
Eqs. (30) and (31) provided that the rate of formation of the intermediate 
(L)„MC is much lower than that of its subsequent reaction with B. 

H H- • C 

| £ I 

(L),MNR 2 + c ^ (L)„mnRj (26) 


H- • -C 

I * 

(D.MNR; -$ (L),MC + NHR 2 (27) 

(L)„MC ^ (L)„M + C (fast) (28) 

(L)„M + B — (L)„MB (fast) (29) 


MT c [C] 
obs i + * c [C] 

1 1 1 

*ob S “ A: c + k c K c [C] 


(30) 

(31) 


For the D, I d , and general base catalyzed (Ibc) pathways, all operating 
concurrently with kinetically negligible concentrations of both A and 
M(L)„C (Scheme 2), the rate constant expression is given by Eq. (32). 
Equation (32) cannot be cast into an analytically convenient inverted linear 
form; however, Eq. (31) can be used as a valid approximation under the 
usually prevailing conditions, i.e., (A:, + k' 2 A)[B]) < k c ^ c [C] and AT,[B] 
<? 1. This is illustrated in Fig. 4 for the reaction of Mo(CO) 5 NHC 5 H 10 
with PPh 3 in the presence of (n-Bu) 3 P=0. 


_ + k' 2 *,[B] + kJQC] 

obs i + *,[B] + * c [C] 1 ; 

Although the association between the M(CO) 5 NHR 2 species and PR 3 
was too weak for identification of an intermediate, the evidence in this 
instance is overwhelmingly in favor of formation of a transient hydrogen- 
bonded outer-sphere complex. This is particularly so since THF (and other 


M(LLA-C 




±c 


M(L)_A 


Ki 


*-i 


±B 


M(L) n A-B 






M(L)„C 


M(L) n 
Scheme 2 


M(L) n B 
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Fig. 4. Double-reciprocal plot according to Eq. (31) for the reaction of Mo(CO) 5 NHC 5 H| 0 
with PPhj in the presence of (n-Bu) 3 P=0 in hexane at 34.5°C. 


hydrogen-bonding solvents) (7 7, 77) competes effectively with PR 3 and 
quenches the bimolecular ligand substitutional pathway entirely. Thus Eqs. 
(33)-(40) explain the delicate balance between I d and D mechanisms when 
changing solvents where S is a solvent with an accessible lone pair (e.g., 
THF) and S' is a tv base (e.g., benzene). Solvents may thus act as catalysts 
or inhibitors in these substitution reactions through specific solvent effects. 
A stabilizing effect toward amine dissociation is also seen in cases where 
intramolecular hydrogen bonding between the departing amine group and 
an electronegative site within the complex is possible (75-77). 


M(L)„A + S ^ M(L)„A • S 

(33) 

M(L)„A • S — M(L)„S • A 

(34) 

M(L)„S■ A —* M(L)„S + A 

(35) 

M(L)„S —• M(L)„ + S 

(36) 

M(L)„ + B — M(L)„B 

(37) 

or 


M(L)„A + S' ^ M(L)„A • S' 

(38) 

M(L)„A - M(L)„+ A 

(39) 

M(L)„+ B — M(L)„B 

(40) 


The limiting rate in the dissociative interchange mechanism is not rad¬ 
ically different from those observed in the D pathway. Both A//* (77) and 
Ai S* (78) have been implicated as making the major contribution to this 
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small rate enhancement for I d versus D processes. The intermediacy of 
hydrogen-bonded species may be relevant to a large variety of amine sub¬ 
stitutional processes, ranging from those involving coordination complexes 
to those of biological importance (69). 

Although kinetically detectable intermediates were observed in the amine 
substitution reactions characterized above, the process is classified as an 
interchange pathway (as opposed to A) because the interaction for adduct 
formation does not directly involve the metal center. Other instances where 
analogous types of intermediates, involving significant interactions between 
the substrates and the incoming ligand away from the metal center, are 
observed include phosphine substitution with metal carbonyl carbenes (73) 
and metal carbonyl unsaturated hydrocarbon derivatives (79, 80). A caveat 
that should be noted in these cases is that it is not possible kinetically to 
distinguish whether or not these intermediates lie along the lowest energy 
reaction path for substitution (81). Criteria such as activation parameters 
and metal dependence, and their similarities with the dissociative processes, 
are often applied in resolving this issue. 

Concerted processes, where a large degree of interaction takes place 
between the incoming ligand and the metal center (i.e., I a processes), would 
be anticipated to display a metal dependence that did not necessarily par¬ 
allel that of the dissociative process. This is illustrated in the reaction of 
the azide ion with the group VIB hexacarbonyls (see Table VI), where the 
rate varies W > Mo > Cr and the transition state is proposed to resemble 
that shown in Eq. (41) (74). Similar rate behavior has been noted for OH~ 
addition to the carbon center in these metal hexacarbonyls, where the 
ultimate process involves carbon monoxide substitution by a hydride 
ligand (82). 

X 

-n 2 

-► (co) 5 mnco‘ (41) 


m(co ) 6 + n; 


o 

II 

.c 

(co) 5 m; | 

''N„ 


III 

ISOTOPIC LABELING STUDIES 

The use of highly enriched ,3 CO and C ls O (>90%) has contributed 
significantly to an understanding of the intimate mechanistic details of 
ligand substitution processes of metal carbonyl derivatives. 
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A. Monitoring Techniques 

1. Infrared 

A general method of following the course of labeled carbon monoxide 
in ligand substitution reactions is by observing frequency shifts in the 
KCO) vibrational modes as a consequence of isotopically labeled CO in¬ 
corporation or loss in the substrate molecule. Similar shifts in the KCO) 
vibrational modes are observed upon either ,3 CO or C ,8 0 substitution. The 
reliability of simplified restricted CO force field computations at deducing 
structural information has immeasurably aided in the utilization of this 
procedure (83-85). Nevertheless, this spectroscopic technique is often not 
straightforward in its application due to difficulties associated with quan¬ 
titatively assessing the various isotopically substituted species present. This 
is primarily due to the fact that in metal carbonyl derivatives containing 
several CO ligands an array of species is possible in which the species 
possess electronically equivalent, but symmetry nonequivalent, CO ligands; 
hence giving rise to a large number of overlapping or degenerate infrared 
active bands. Notwithstanding, this technique’s obvious advantage of re¬ 
quiring less sophisticated instrumentation, rapid data acquisition, and 
smaller sample size than the alternative NMR technique makes it often 
the method of choice. 

2. Nuclear Magnetic Resonance 

The other method commonly employed in tracing the fate of labeled 
carbon monoxide during ligand substitution processes is 13 C Fourier trans¬ 
form nuclear magnetic resonance spectroscopy. This may be accomplished 
either directly by using ,3 CO or indirectly by employing C ,s O and noting 
the ,s O isotope shift on the l3 C NMR spectrum ( 86 , 87). Additional recent 
publications have pointed out the potential of ,7 0 NMR in assaying the 
labeled carbon monoxide ligand (88-90). The most apparent advantage 
of these NMR approaches lies in their ability to quantify the extent of 
labeled CO in the substrate as well as accurately assigning its stereochem¬ 
istry, generally without the necessity of computational methods. 


B. Viewing Ligand Substitution Processes 

An illustration of the sorts of information accessible from labeling studies 
is seen in photochemical and thermal substitution reactions of the group 
VIB metal tetracarbonylnorbornadiene derivatives (85, 91). These species 
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are generally believed to typify intermediates in the photoassisted hydro¬ 
genation of dienes with the group VIB metal hexacarbonyls (92-96). Pho¬ 
tochemical substitution reactions of M(CO) 4 (NBD) (1) with l3 CO were 
shown via infrared spectroscopy, coupled with 13 C NMR, to occur with 
preferential loss of an axial CO ligand. In a subsequent step the stereo- 
selectively l3 CO labeled species (2) undergoes rearrangement upon thermal 
and/or photochemical activation (Scheme 3). The selective production of 
the axially di- ,3 CO substituted species 4 demonstrates that the stable form 
of the intermediate produced by means of loss of CO is a square pyramid 
and further that it does not intramolecularly scramble CO groups during 
its solution lifetime. This observation is in agreement with a growing body 
of evidence in support of 16 valence electrons, pentacoordinate metal car¬ 
bonyl derivatives exhibiting square-pyramidal, rather than trigonal-bipyr- 
amidal geometry, both in solution and in inert matrices (84, 97-104). In 
general this is an important conclusion as to the nature of five-coordinate 
intermediates in solution that can be addressed from labeling studies. 



( 6 ) 


Scheme 3 


(5) 
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A mechanism that involves cleavage of one metal-olefin bond followed 
by a Berry permutation (105) of the four CO groups in the five-coordinate 
intermediate has been proposed for the rearrangement of the stereoselec- 
tively axially labeled species 2 in the tungsten derivative (Scheme 4). The 
activation parameters for this process were found to be AH * = 18.4 kcal 
mol -1 and AS * = -12.3 eu in saturated hydrocarbon solvent. Similar rate 
data were obtained for the di- ,3 CO axially substituted species 4 proceeding 
to the di- ,3 CO equatorially substituted species 5 with no concomitant pro¬ 
duction of a di- ,3 CO axial-equatorial labeled species 6 as would be dictated 
by a Berry pseudorotation mechanism. Since the rearrangement of CO 
groups involves partial rotation about the metal-olefin bond in the unsat¬ 
urated intermediate, it would be anticipated that ring closure would have 
a smaller activation barrier than the pseudorotation process. This was ver¬ 
ified by an investigation of the diene substitution reaction with phosphine 
which proceeds via a chelate ring-opening mechanism with a limiting rate 
observed at high phosphine concentrations. These kinetic measurements 
clearly indicate that the rate of ring opening is somewhat faster than in¬ 
tramolecular CO interchange. 



6 

Scheme 4 
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Although the stereoselectively ,3 CO labeled tungsten derivative readily 
undergoes CO scrambling, the molybdenum analog was found to be much 
more inert with respect to CO rearrangement. This greater rigidity of the 
molybdenum carbonyl framework has been further demonstrated in several 
investigations. The reaction of the triene complex (bicyclo[6.1.0]nona- 
2,4,6-triene)molybdenum tricarbonyl 7 with l3 CO to afford stereoselec¬ 
tively the axially labeled ,3 CO tetracarbonyl derivative 8 is consistent with 
the photochemical incorporation of l3 CO in Mo(CO) 4 (NBD) where ,3 CO 
addition to a square pyramid intermediate occurs (Scheme 5) (106, 107). 
Reaction of species 8 with a large variety of ligands has provided an ex¬ 
tremely efficient synthesis of stereoselectively 13 CO axially labeled molyb¬ 
denum tetracarbonyl derivatives, e.g., c/s-Mo(CO) 4 L 2 (L = phosphine, 
phosphite, etc.), Mo(CO) 4 (NBD), and Mo(CO) 4 (diamine). Similarly, sub¬ 
stitution of the chelating ligands, NBD or diamine, provides an alternative 
route to axially I3 CO labeled cis- Mo(CO) 4 L 2 species (108). 

Substitution of the bidentate ligands, bicyclo[6.1.0]nona-2,4,6-triene, 
bicyclo[2.2.1 ]hepta-2,5-diene, and A^Af,Af',/V'-tetramethyl-l,3-diamino- 
propane by Lewis based L proceeds via a mechanism involving a reversible 
ring-opening process [Eq. (42)]. Thus the lack of intramolecular carbonyl 
ligand rearrangement in the formation of molybdenum tetracarbonyl de¬ 
rivatives clearly demonstrates the rigidity of substituted, five-coordinate 
molybdenum carbonyl species (where the substituted ligand occupies an 
equatorial coordination site in the square-pyramidal structures) during 


o 



o o o 

(10) (9) (11) 


Scheme 5 
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their solution lifetime at room temperature, i.e., the || — ||-Mo(CO) 4 , NN- 
Mo(CO) 4 , and LMo(CO) 4 intermediates generated through the process 
described in Eq. (42). The average inverse lifetime of d b five-coordinate 
species in saturated hydrocarbon solvents is expected to be of the order of 
10 4 sec-' (109-111). 


X M(CO) 4 ~ : L'— L'-M(CO) 4 


L'—L'-M(CO) 4 L 
I fast 


(42) 


Product - M(CO) 4 L 


The rigidity of the Mo(CO) 4 moiety has also been observed in 
Mo(CO) 4 BH 4 (112). On the other hand, the carbonyl ligands have been 
reported to be quite fluxional in the cis- L 2 Mo(CO) 4 (L 2 = substituted 
diazabutadienes) derivatives; however, this process is proposed to occur by 
a trigonal rotation mechanism involving no metal-ligand dissociation (7 75). 
In addition, the cis ^ trans isomerization reactions of Mo(CO) 4 [PR 3 ] 2 
(R = Me, Et, n- Bu) [Eq. (43)] have been demonstrated to take place by 
an intramolecular nondissociative process on the basis of the lack of ,3 CO 
incorporation into either cis- or trans-Mo(CO) 4 [PR 3 ] 2 or formation of 
Mo(CO) 4 ( 13 CO)PR 3 during the rearrangement (774, 775). The data sum¬ 
marized in Table VII for reaction (43) reveal the anticipated trend as a 
function of the size of the trialkylphosphine ligand. That is, the smaller 
PMe 3 ligand favors the cis stereochemistry slightly which minimizes the 
number of mutually trans CO groups; and concomitantly the rate of cis —> 
trans isomerization is much slower than that for the larger PEt 3 and P(w- 
Bu) 3 species. These kinetic observations are directly compatible with the 
solid state structural results, where a greater distortion toward the trans 


TABLE VII 

Comparative Rate and Equilibrium Parameters for the Intramolecular 
Isomerization of Mo(CO) 4 [PR 3 ] 2 Derivatives at 64.8°C 


PR, 

cis —* trans 
k X 10 4 (sec -1 ) 

* 1/2 (min) 


AG 

(kcal mol -1 ) 

PMe, “ 

0.084 

1375 

0.62 

0.32 

PEt," 

2.10 

55.0 

7.0 

-1.30 

P(/i-Bu),‘ 

1.67 

69.2 

5.3 

-1.12 


0 Taken from Ref. 115. 
b Taken from Ref. 114. 
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disposition of the phosphine ligands is seen in the ground state structures 
of the c/5-Mo(CO) 4 [PR 3 ] 2 (R = Et, n-Bu) derivatives (115). Consistent 
with these steric arguments, in the Cr(CO) 4 [PMe 3 ] 2 derivative, where sig¬ 
nificantly greater distortions from ideal octahedral geometry are expected, 
the trans isomer is favored with K cq 1.7 at 32°C and the cis —> trans 
isomerization rate has a t l/2 value < 15 min (116). On the other hand 
Cr(CO) 4 [PEt 3 ] 2 exists predominantly in the trans isomeric form. A trigonal 
rotation mechanism (A H* = 24.5 kcal mol -1 ) was used to account for these 
isomerization processes. This is to be compared with processes involving 
phosphine dissociation in derivatives of the type m-Mo(CO) 4 L 2 , where L 
is a bulky phosphine (e.g., PPh 3 ) (40), which occur with activation en¬ 
thalpies of '—30 kcal mol -1 (33). 

m-Mo(CO) 4 [PR 3 ] 2 ^ /ra/i5-Mo(CO) 4 [PR 3 ]2 (43) 

Rossi and Hoffman (117) have predicted that in d 6 square-pyramidal 
species weak a donors should occupy an equatorial site, i.e., when consid¬ 
ering only (r-bond strengths the expected trend for metal-ligand bond 
strengths is M —L ax stronger than M — L^. Thus ligands that are weak a 
donors and non-7r acceptors (saturated amines) (77) or weak w acceptors 
(olefins without electron withdrawing substituents, phosphines, etc.) should 
show a preference for an equatorial site in the square-pyramidal structure 
of d 6 species. This preference would be greater for the weak a donor and 
non-7r-acceptor ligands, diminishing as the unique ligand approaches the 
bonding characteristic of carbon monoxide. 

The above arguments form the basis of Brown’s site preference model 
for reactivity in these octahedral systems (9, 27, 118-121). For example, 
Atwood and Brown (27) have measured the rate constant for dissociative 
CO loss in Mn(CO) 5 Br [Eq. (44)] using infrared spectral techniques and 
found that the rate for cis CO dissociation was at least ten times that for 
trans CO dissociation. This observation is consistent with an earlier study 
of the exchange of ,4 CO with Mn(CO) 5 X (X = Cl, Br, I) (722, 123), and 
clarifies further some misconceptions with regard to this process that have 
appeared in the literature (124, 125). These researchers were further able 
to establish that the five-coordinate intermediate, Mn(CO) 4 Br, formed 
during the dissociation [Eq. (44)] is fluxional; i.e., randomization of the 
stereoselective label occurred on the same time scale as ligand substitution 
(27). We had some years earlier made an analogous observation for the 
Mo(CO ) 5 intermediate procreated during amine replacement in 
Mo(CO) 5 (NHC 5 H,o) (126). The phenomenon of cis labilization, i.e., la- 
bilization of a position cis to a designated ligand as compared with when 
that ligand is CO, is believed to be rather prevalent in reactions involving 
dissociation of a ligand from six-coordinate low-valent metal carbonyl de- 
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rivatives. The cis-labilization order derived by Atwood and Brown (9) was 
as follows: CO < P(OPh) 3 < PPh 3 < 1“ < Br" < Cl" (see Table II). 

Mn(CO) 5 Br + * ,3 CO ^ Mn(CO) 5 _ H ( ,3 CO) fl Br + nCO (44) 

Oxygen donor bases have recently been shown to be very strongly la- 
bilizing ligands. This property of oxygen bases has been exploited in the 
syntheses of highly 13 CO enriched metal carbonyl derivatives via the skel¬ 
etal sequence below [Eq. (45)], where R = n-Bu (727, 128). Monodentate 
bonded acetate and formate ligands have been observed to be extremely 
good CO-labilizing ligands in complexes as exemplified in Eq. (46) (729- 
722). Indeed this Co labilization occurs preferentially at sites cis to the 
oxygen bases. This was unequivocally demonstrated by 13 C NMR spec¬ 
troscopy (729, 722-725). For example, the natural abundance 13 C NMR 
spectrum of [PNP][W(C0) 5 0 2 CCH7] exhibits two carbonyl resonances 
at 206.4 and 200.5 ppm in CDC1 3 , which are assigned to the axial and 
equatorial carbon monoxide ligands, respectively. Upon incorporation of 
13 CO into the W(C0) 5 0 2 CCH 3 anion at 0°C in tetrahydrofuran for 5 h, 
the sample was enriched to a total ,3 CO content of 27.8% with the peak 
for the cis CO ligands at 200.5 ppm (7 w -c =131 Hz) accounting for all 
the 13 CO uptake (see Fig. 5) (722, 724). In addition to the cis-labilization 
arguments of Brown, these processes involving monodentate acetate and 
formate ligands may be facilitated by the assistance of the free carboxylic 
oxygen atom in CO dissociation and/or adding stability to the five-coor¬ 
dinate intermediate or transition state. Other manifestations of the CO- 
labilizing ability of oxygen ligands are seen in decarbonylation of metal 
carbonyl compounds on alumina surfaces, a process of importance in het¬ 
erogeneous catalysis (726). 


L 

I 

[M+CO 


+ RsP—O 


O 

f M-)-CO 


O 

[m-|- 13 co 


[M-h l3 co (45) 


W(C0) 5 0 2 CCHJ + /j 13 CO ^ W(C0) 5 _ B ( ,3 C0)„0 2 CCH3 + n u CO (46) 

The enhanced lability of the group VIB metal hexacarbonyls in the 
presence of hydroxide base, presumably due to a transient interaction of 
OH" with the carbon atom of coordinated CO, is probably yet another 
instance of cis labilization ( 82 , 137-139). This proposal is supported by 
the observation of oxygen-18 incorporation into the metal carbonyl com¬ 
pound under the reaction conditions for ligand substitution [Eq. (47)] ( 82 , 
725). A similar explanation has been offered for base catalyzed substitution 
reactions of Fe(CO) 2 (NO) 2 [Eq. (48)] by Morris and Basolo (740). In 
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SC , ppm 

Fig. 5. ,3 C NMR spectra of the W(C0) 5 0 2 CCH3 anion in CDC1 3 . (A) Natural abundance 
spectrum. (B) Spectrum of initial ,3 CO exchange product indicating only equatorial 13 CO 
enrichment. 


general base catalysis of ligand substitution reactions in metal carbonyls 
is anticipated to be of much importance in a variety of homogeneous and 
heterogeneous catalyzed processes. 

M(CO) 6 + ,8 OH“ - M(CO) 5 COOH' ^ M(C0) 5 _„(C l8 0) fl + OH“ (47) 

Fe(CO) 2 (NO) 2 + L —» Fe(NO) 2 (CO)L + CO (48) 
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The investigation of ligand substitution processes using isotopic replace¬ 
ment of the type reported on above is extremely informative. This is so 
because the free energy profile for the reactions [e.g., Eqs. (44) and (46)] 
is the same in either direction (microscopic reversibility), thus dictating 
that the stereochemistry of the products mirror precisely the stereochem¬ 
istry of the dissociative process (125). 

The greater thermodynamic stability of coordinatively unsaturated 
M(CO) 4 L species of d 6 metals where the substituent (L), a weak a donor 
and non- to weak 7r-acceptor ligand, lies in the equatorial plane of the 
square-pyramidal structure, has provided the basis for much of the 
syntheses of stereoselectively 13 CO labelled mono- and dinuclear metal 
derivatives, e.g., Eq. (49) ( 33 , 104 , 141-143). Further, in the absence of 
a site preference ligand (L), for example in the intermediate Mo(CO) 4 ( 13 CO) 
afforded from amine dissociation in m-Mo(CO) 4 ( 13 CO)NHC 5 H I0 , reac¬ 
tion with l3 CO produces a statistical distribution of cis- and trans- 
Mo(CO) 4 ( 13 CO) 2 (126). Presumably the carbonyl ligands completely 
scramble in the Mo(CO) 4 ( 13 CO) intermediate during its solution lifetime 
through the square-pyramidal equivalent of the Berry pseudorotation 
(C 4y —> Dy h —> C 4 „). Similar observations have also been made in the matrix 
photochemistry of the group VIB hexacarbonyl species (99). At the other 
end of the spectrum, when L is a better a-donor and 7r-acceptor ligand 
than CO, a site preference for the axial position in the Mo(CO) 4 L inter¬ 
mediate is expected. Thus the reaction of trans- W(CO) 4 (CS)I" with Ag + 
in the presence of 13 CO yields the stereoselectively l3 CO-enriched trans - 
W(CO) 4 (CS)( i 3 CO) species (144). This latter labeled species played a key 
role in the very clever matrix isolation study of Martyn Polia¬ 
koff (/ 45). 
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(49) 


In an investigation related to the subject of the solution stability of 
M(CO) 4 L species the stereoselectivity of the dissociative process (35) in¬ 
volving the reaction of //Yj/w-Cr(CO) 4 [PPh 3 ] 2 with 13 C-labeled carbon 
monoxide to afford Cr(CO) 5 PPh 3 has been examined (146). The data pre¬ 
sented were consistent with a completely stereoselective process where the 
incoming 13 CO ligand occupies a site in the octahedral complex cis to the 
PPh 3 ligand [i.e., formation of m-Cr(CO) 4 ( 13 CO)PPh 3 ]. Hence rearrange¬ 
ment of the initially formed Cr(CO) 4 PPh 3 intermediate of C Av symmetry 
to that of C s symmetry occurs faster than the bimolecular reaction of the 
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intermediate with carbon monoxide, i.e., with a rate constant >3 X 10 4 
sec -1 (Scheme 6) (109-111). A subsequent reaction involving a stereo¬ 
mobility of the ligands in the six-coordinate derivative was observed to take 
place in the absence of ligand (CO or PPh 3 ) dissociation on a time scale 
similar to that for PPh 3 dissociation in the f/ww-Cr(CO) 4 (PPh 3 ) 2 species. 
That is, the rate constant for PPh 3 dissociation in f/-a/w-Cr(CO) 4 (PPh 3 ) 2 
is 4.15 X 10" 5 sec -1 at 40°C; whereas, the rate constant for CO scrambling 
in the six-coordinate Cr(CO) 5 PPh 3 species is 3.13 X 10~ 5 sec -1 at 40°C. 
This latter rate constant was measured on a stereoselectively ,3 CO enriched 
sample prepared by the previously described synthetic methodology 
[Eq. (50)]. 

EtOH 

m-Cr(CO) 4 lPPh 3 ]C|- + ,3 Co-> m-Cr(CO) 4 ( l3 CO)PPh 3 + CP (50) 

—50°C 

Presumably, the pathway for this nondissociative, intramolecular rear¬ 
rangement process in d 6 octahedral complexes proceeds through either a 
trigonal-prismatic ( 147-151 ) or bicapped tetrahedron (752) intermediate 
or transition state. The relative energy barrier to intramolecular ligand 
rearrangement as a function of metal has been found to be Cr < W < Mo 
(87). Although this is somewhat unexpected based on steric constraints 
alone, where a greater ease of flexibility for a trigonal twist would be 
anticipated for the larger Mo and W species, it is evident that electronic 
factors are important in these processes. For example, the importance of 
the electronic environment about the metal center is revealed in the non¬ 
dissociative ligand isomerization of m-Mo(CO) 4 (PR 3 ) 2 derivatives (R 
= Et, n- Bu) which readily occurs with A H* = 24.5 kcal mol -1 (114). On 
the other hand, CO stereomobility in the Mo(CO) 5 PR 3 derivatives is ap¬ 
parently a more energetic process than ligand dissociation where £ act > 30 
kcal mol -1 (25). 
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Thus far in our investigations of ligand stereomobility in M(CO) 5 L de¬ 
rivatives by nondissociative routes we have observed this occurrence in 
chromium and tungsten complexes containing a number of phosphorus 
donor ligands, including those where L = PPh 3 , PPh 2 Me, and P(OMe) 3 . 
It is apparent that AH* is less than that corresponding to ligand dissociation 
(i.e., <32 kcal mol" 1 ) and greater than 16 kcal mol" 1 . This latter lower 
limit is suggested by the lack of line broadening in the CMR of the carbonyl 
resonances in the high temperature spectra of these derivatives. 

A caveat that must be considered in CO-dissociative processes as de¬ 
scribed in Scheme 7, e.g., the reactions provided in Eqs. (44) and (46), is 
that at least part of the randomization of the introduced label ascribed to 
occur in the five-coordinate intermediate (boxed in Scheme 7) may be due 
to intramolecular scrambling in the once formed six-coordinate product 
(see Scheme 6), Further, in these processes where CO dissociation is slow 
relative to intramolecular ligand rearrangement in the six-coordinate spe¬ 
cies, no site preference for CO loss would be observable, although it would 
generally be anticipated based on empirical as well as theoretical consid¬ 
erations. 

Dobson and co-workers ( 153-155 ) have employed synthetic techniques 
analogous to that depicted in Eq. (49) for the preparation of stereoselective 
13 CO-labeled group VIB metal tetracarbonyl derivatives containing biden- 
tate ligands. Subsequently, these derivatives were used in definitive exper¬ 
iments defining the site of metal-CO bond cleavage in dissociative CO 
substitution processes, along with a concomitant assessment of the fluxional 
behavior of the thus afforded five-coordinate intermediates. For example, 
in the axially 13 CO labeled l,2-bis(diphenylphosphino)ethanetetracar- 
bonylmolybdenum complex ( 12 ), these researchers proved that the site of 
bond breaking is axial only with the thus procreated intermediate 
Mo(CO) 3 (diphos) being partially fluxional ('—83% CO randomization) at 
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125°C (Eq. 51) (153). However, the predominant fluxional species is spe¬ 
cies 13 where the phosphine ligand occupies equatorial sites. On the other 
hand, at room temperature the Mo(CO) 3 (diphos) intermediate (13) is non- 
fluxional, consistent with other results previously discussed. 


i-cO - 

-CO 

°^Mo: 

'1 

axial 


(12) 


(13) 




J 

P —^ 


(51) 


In parallel studies (phen)M(CO) 4 (M = Cr, Mo, W; and phen = o- 
phenanthroline) derivatives were found to undergo exclusive axial loss of 
CO with a statistical scrambling of carbonyls in the resulting five-coor¬ 
dinate intermediate being observed (154, 155). 


IV 

RADICAL PATHWAYS FOR LIGAND SUBSTITUTION REACTIONS 

Many 17-electron radical species afforded by electrochemical oxidation 
of 18-electron substrates are suitably stable to have reversible cyclic volt- 
ammograms (e.g., see Ref. 156, and references therein). Nevertheless, it 
has become quite apparent that one of the most important characteristics 
of many transition metal carbonyl radicals is their exceedingly high lability 
toward ligand substitution (157). Brown and co-workers have noted strong 
evidence that radicals such as Mn(CO) 5 * (158), Re(CO) 5 - (159), [?/ 5 - 
C 5 H 5 )Mo(CO) 3 ] • (160), and Co(CO) 4 - (161) all undergo CO substitution 
in the presence of phosphines or phosphites. A radical chain mechanism 
has been established for these processes as first proposed by Byers and 
Brown (162), and is represented in its general form in Eqs. (52)-(58). 


(CO)„MX + Q- — (CO)„M • + QX (52) 

(CO)„M • — (CO)„.,M + CO (53) 

(CO) n _,M + L — (CO)„_}LM * (54) 

(CO) wI LM + (CO)„MX — (CO)„-[LMX + (CO)„M- (55) 

Chain termination steps: 

2(CO)„M • -(CO) 2w M 2 (56) 

2(CO) n -|LM • - (CO) 2 „_ 2 L 2 M 2 (57) 
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(CO) fl _,LM • + (CO)„M • - (CO) 2 b _,LM 2 (58) 

Although both Mn(CO) 5 « and Re(CO) 5 - are believed to undergo CO 
loss by a dissociative thermal pathway, phosphine substitution appears to 
stabilize these radicals toward further dissociative loss of ligands. In these 
instances an associative pathway is evident, i.e., reaction (59) was observed 
to be first order in radical and CO (163). Consistent with an associative 
substitution process the bimolecular rate constant for reaction (59) is 
strongly dependent on the steric bulk of the L ligand, as the smaller 
P(-/j-Bu) 3 ligand (cone angle = 132°) reacts about two orders of magnitude 
faster than the P(-/-Bu) 3 ligand (cone angle = 143°). Hence, as in an 18- 
electron substrate both dissociative and associative ligand substitution path¬ 
ways are evident for radical species. 

Mn(CO) 3 L 2 • + CO — Mn(CO) 4 L* + L (59) 

2Mn(CO ) 4 L — Mn 2 (CO) 8 L 2 (60) 

The kinetics of ligand substitution reactions of dinuclear group VIIB 
metal carbonyls have been interpreted in terms of a thermal cleavage of 
the metal-metal bond to afford radical species (164). This proposal however 
is presently a point of much contention, with a simple rate-determining 
CO dissociation in the dinuclear complex being alternatively suggested 
(165-167). Indeed metal crossover studies strongly support initial disso¬ 
ciation of CO in ligand substitution reactions of MnRe(CO)i 0 and 
Re 2 (CO)io (168). Further crossover experiments, in particular employing 
metal isotopic labeling studies, should settle such controversies. 

Although detailed kinetic investigations of ligand substitution reactions 
on 17-electron species are lacking when compared with the corresponding 
processes involving an 18-electron substrate, this area will most certainly 
receive a great deal of attention during this decade. The intent of this very 
brief discussion of these processes was simply to point out that radicals are 
in general extremely labile when compared with their 18-electron coun¬ 
terparts. 


V 

CONCLUDING REMARKS 

The general conclusions seem clear. Our level of understanding ligand 
substitution reactions at low-valent mononuclear metal centers as evinced 
by detailed kinetic studies is quite high. Over the past twelve years or so 
studies involving the use of isotopic labeling have revealed most of the 
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principal features of the site of bond cleavage and fluxional behavior of 
the intermediates thus formed. Researchers have begun seriously to turn 
their attention to analogous investigations of metal carbonyl clusters {169). 
Carbon monoxide substitution reactions in these species bear several mech¬ 
anistic similarities to the corresponding processes involving mononuclear 
metal carbonyls. That is, in both instances the kinetic behavior is often 
consistent with a two term rate law [Eq. (61)], where k\ and k 2 are iden¬ 
tified with dissociative and associative or interchange mechanisms, respec¬ 
tively. A feature generally available in metal clusters, which is less fre¬ 
quently open to 18-electron mononuclear species, is their ability to accom¬ 
modate another ligand in the coordination sphere of the metal while still 
maintaining conformity with the 18-electron rule. This is achieved with the 
simultaneous breaking of a metal-metal bond in the cluster framework. 

rate = UM„(CO) B ] = (*. + * 2 [L])[M n (CO) m ] (61) 

Unfortunately because of intramolecular ligand rearrangements in clus¬ 
ter substrate molecules, which commonly occur on a time scale faster than 
dissociative ligand loss, definitive answers to questions of site selectivity 
will often go unresolved. Notwithstanding, it is anticipated that with dil¬ 
igent efforts over the next decade the level of understanding of substitution 
processes in metal clusters will rival that of our current knowledge for 
mononuclear systems {170). 
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I 

INTRODUCTION 

Molecules containing the 1,4-diaza-1,3-butadiene skeleton have at¬ 
tracted much interest because of both their versatile coordination behavior 
and the interesting properties of their metal complexes. In particular, ex¬ 
tensive chemistry has been carried out with 2,2-bipyridine and phenan- 
throline, which are both known to coordinate to metal centers in the chelate 
bonding mode (/). 

Relatively less well investigated, but increasingly of interest to various 
research groups, is the coordination chemistry of the most simple repre¬ 
sentative of this class of compounds, i.e., the 1,4-disubstituted 1,4-diaza- 
1,3-butadienes, RN=CR'“CR"=NR. These compounds are particularly 
fascinating since they have a flexible N=C—C=N skeleton, they appear 
to have unusual electron donor and acceptor properties as compared to the 
above-mentioned bidentate nitrogen donors, and they can potentially act 
in a variety of coordination modes. The latter bonding modes involve not 
only the lone pairs of the N atoms but also the 7 t-C=N bonds. 

Recently other aspects have also come to light that involve the chemical 
activation of R-DAB 1 and the subsequent stoichiometric and catalytic re¬ 
actions in which the activated ligand plays a crucial role in the reaction 
processes. 

In view of these novel developments it was considered worthwhile to 
review in depth the synthesis, structures, and properties of the various types 
of 1,4-diaza-1,3-butadiene complexes known at present. Furthermore, ap¬ 
plications of these compounds in organic synthesis and catalysis will be 
discussed. Attention will be devoted to the possible relation(s) between the 
type of coordination and the type of reaction occurring. Our survey is 
restricted to complexes of the R-DAB ligand in which the R group is 
connected to N via a carbon atom and does not cover complexes of 2,2'- 
bipyridines or 2-pyridinecarbaldehydeimines. 2 


1 Most 1,4-diaza-1,3-butadienes that are known have the general formula RN=CR , CR*'=NR 
and herein this will be abbreviated to R-DAB(R', R"). The important subgroup of this class 
is RN=CHCH = NR [R-DAB(H,H)] but for economy of space if the R grouping is specif¬ 
ically stated then the form R substituent-DAB is used and this implies proton substitution at 
the a diimine carbon atoms, e.g., /-Bu-N=CHCH = N-/-Bu and HN=CHCH = NH become 
/-Bu-DAB and H-DAB, respectively. For the general case applying to all variously substituted 
1,4-diaza-1,3-butadienes, including the rarely encountered RN ^CR'CR^NR'" species, the 
abbreviation used is R-DAB. 

2 An account of the metal-1,4-diaza-1,3-butadiene research which has been carried out in 
the authors’ laboratory is presented in Ref. 2. 
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II 

THE 1,4-DIAZA- 1,3-BUTADIENE (R-DAB) LIGAND 


A. Preparation 

1,4-Diaza-1,3-butadienes (R-DAB) 1 may be prepared by condensation 
reactions involving either glyoxals (3-7), a-ketoaldehydes ( 8-10 ), or 
a,/?-diketones {8-11) with primary amines RNH 2 . In the case of methyl- 
glyoxal it has been established (5) that the reaction with amine proceeds 
in two steps [see Eqs. (1) and (2)]. In the first step the a-imino ketone 
formed is only stable enough to be isolated when R is a bulky group such 
as r-Bu {8-10), This result suggests that this reaction occurs with high 
chemiospecificity ( 8 ) and this is probably due to the higher reactivity of 
the aldehyde group toward amines than the keto group. 

0=C(Me)C(H)=0 + RNH 2 ^ 0=C(Me)C(H)=NR + H 2 0 ( 1) 

R = r-Bu or EtMe 2 C 

0=C(Me)C(H)=NR + R'NH 2 ^ R'N = C(Me)C(H)=NR + H 2 Q (2) 


R' = j-Pr 

Further reaction of the a-amino ketone occurs only with less bulky amines 
[Eq. (2)] (S) resulting in formation of an asymmetric R,R'-DAB(Me,H) 
ligand. 

Some of the R-DAB(R', R") ligands are not very stable as free molecules 
(e.g., R = R' = R" = Me) (77) and these must be synthesized in the co¬ 
ordination sphere of a metal. Examples will be discussed in Section 111,D, 1. 


B. Structural and Bonding Features 

It was concluded from NMR spectra (72), dipole moments (73), and 
IR spectra {14) that the R-DAB molecule exists in solution in the E (anti) 
configuration at both C=N double bonds, while the conformation of the 
central C—C bond is predominantly s-trans. 3 It was deduced that the 
N=C—C=N dihedral angle lies between 90 and 140° (73). 

In the gas phase, according to electron diffraction analysis, t- 
BuN=CHCH=Nr-Bu has for the majority of the molecules a gauche 
conformation with respect to the central C —C bond with a torsion of about 

3 The terms j-trans and j-cis refer to torsional isomers around the central carbon-carbon 
bond of the 1,3-diene skeleton. 
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65° from the s-cis 3 form. However, a small amount of the j-trans form is 
also calculated to be present (75, 76). 

Recently we determined the structure of c-HexN=CHCH=Nc-Hex 
(c-Hex-DAB) in the solid state by X-ray crystallographic structure analysis 
in order to obtain insight into the C=N and C—C bond lengths and angles 
in the free molecule (see Table I and Section IV,B, I). The structure re¬ 
vealed a perfectly flat N=C—C=N skeleton in the E-s-trans-E confor¬ 
mation (77). The similarity between the central C—C distances in c-Hex- 
DAB and isostructural 1,3-butadienes (see Table I) is particularly striking 
and indicates that we are dealing with a pure C(sp 2 )—C(sp 2 ) bond. In 
Table I the bond lengths and angles in the N=C—C=N unit of a series 
of related 1,4-diaza-1,3-butadiene molecules are given. 

NDDO (neglect of diatomic differential overlap) (76), CNDO/2 (75) 
and ab initio calculations (18, 19) on the conformational structures of 2,2'- 
bipyridine, H-DAB and Me-DAB show that the s-trans form is indeed 
expected to be the most stable one (76). For example, for 2,2-bipyridine 
an energy difference of 26.8 kJ mol -1 was calculated between the less stable 
planar s -cis form and the more stable planar j-trans conformation. The 
destabilization of the s -cis form is caused by the interaction of the lone 
pairs and by the steric hindrance of the ortho hydrogen atoms. Values 
ranging between 20 and 28 kJ mol -1 were calculated to be necessary to 
overcome the rotational barrier to produce the cis arrangement that is 
present in the chelate form of many a-diimine-transition metal compounds. 

Inspection of molecular models shows that substitution of methyl groups 
at the central C atom destabilizes the E-s-trans-E conformer in particular 
when the R substituent is triply branched at C“. In this case the E-s- cis- 
E conformer becomes relatively much more stable. Notable exceptions are 
the so-called 1,4-diaza-l,3-butadien-2-ylmetal complexes in which one of 
the central C atoms is tr-bonded to a square planar trans-ClL 2 Pd moiety, 
e.g., PdCl[C( = NC 6 H4(OMe-p)-C(Me)=NC 6 H 4 OMe-/7](PPh3)2 (20) (see 
Table I). Since the Pd coordination plane is almost perpendicular to the 
planar E-s-trans-E skeleton it is internally recognized as a very small sub¬ 
stituent. Accordingly, complexes are known containing the 1,4-diaza-1,3- 
butadien-2-yl ligand in both the E-s-trans-E and the E-s-cis-E confor¬ 
mation. 

Also of interest are the relative donor-acceptor properties of the various 
organic molecules containing the N—C— C=N skeleton. NDDO calcu¬ 
lations of the LUMO (lowest unoccupied metal orbital) energies indicated 
that the ir-acceptor capacity increases in the order 2,2'-bipyridine < 2- 
pyridinecarbaldehyde-7V-methylimine < R-DAB (26). 

Finally, it should be mentioned that some UV-PES spectra in combi¬ 
nation with UV spectra have been recorded (77, 27) for some R-DAB 



Bond Lengths and Angles in 


Compound 

Reference 

c-Hex-DAB r 

21 

2,2-Bipyridine 

22 

2,2-Biquinoline fJ 

23 

8,8-Biquinoline 

24 

4-MeOC 6 H 4 -DAB{/ra*j-[Pd(PPh 3 ) 2 Cl], Me} f 

20 

/-Bu-DAB / 

18 

H 2 C=C(H)C(H)=CH 2 

25 


“Single crystal X-ray diffraction analysis. 
b Carbon of R group. 
c j-trans conformation (0 ~ 0°). 

d H(3)-N' 2.44(1) A. 

e Part of the aromatic ring system. 

/ Electron diffraction analysis of the molecule in the gas phase. 
*6 ~ 65°. 

h Central C—C bond length. 

' C = C bond length. 


I 


N=C-C'=N 

Unit of Free a-DiiMiNES fl 


C-C'(A) 

C=N (A) 

N—C* (A) 

<N=C-C'(°) 

1.4571(23) 

1.2576(22) 

1.4561(23) 

120.80(17) 

1.50 




1.492(3) 

1.323(2)' 


116.8(2) 

1.495(2) 




1.51(2) 

1.26(2)/1.29(2) 

1.44(3)/1.40 

113.9(1.3) 

1.496(20)* 

1.283(6) 


117.3(4.0) 

1.48(1 ) h 

1.341' 
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ligands. The results are not very revealing, but comparisons indicate in¬ 
creasing polarity in the C=X bond on going from 1,3-butadienes to 1,4- 
diaza- and 1,4-dioxo- 1,3-butadienes (R-DABs and glyoxals respec¬ 
tively) (II). 

Ill 

METAL-1,4-DIAZA- 1,3-BUTADIENE COMPLEXES: SYNTHESIS, 
STRUCTURE, AND BONDING 

A. Introduction 

The reports of metal complexes with R-DAB ligands date back to 1953 
when Krumholz (28) described the synthesis of some ferrous complexes, 
e.g., [Fe(Me-DAB) 3 ]I 2 . The unusual stability and characteristic color being 
ascribed to the presence of ir bonding between the metal and the nitrogen 
atoms. Since then numerous examples of metal-R-DAB complexes have 
been synthesized and their bonding studied by spectroscopic and theoretical 
methods. 

A consistent structural feature of these complexes appeared to be the 
chelate bonding of the R-DAB ligand. Since the free R-DAB molecule 
exists in the E-s-trans-E conformation (see Section II,B) this implies that 
upon coordination to the metal center rotation around the central C—C 
bond must have taken place to give the E-s-cis-E conformation present. 
In fact it is very surprising that it was not before 1978 that the first 
examples were found of the other possible interactions with metal centers 
by Friihauf, Vrieze, and van Koten (29, 30). The earlier reports by Klieg- 
man and co-workers concerning the behavior of R-DAB molecules toward 
perchloric acid had already pointed to the possible existence of other co¬ 
ordination modes (12, 31). They found that in addition to the monobasic 
behavior of most R-DAB molecules those with bulky R groups (e.g., o- 
tolyl) appeared to be dibasic in nature. It was proposed that the monobasic 
behavior is due to formation of a five-membered, highly stabilized, planar 
ring system. This is only possible if the N=C—C=N skeleton can assume 
the E-s-cis-E conformation according to Eq. (3). 
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By contrast, if the R groups are bulky the N atoms are assumed to be 
blocked from interaction with the proton in the E-s-cis-E conformation 
( 4 ). In these cases the R-DAB ligand is diprotonated in the E-s-trans-E 
conformation. 

It is exactly this influence of the steric nature of the R substituents of 
the R-DAB ligand on the stability of the conformation of the N=C—C=N 
skeleton that affects the type of metal interaction found (32). Other factors 
are the nature of the metal center itself and the coordinated ligands. The 
various bonding modes found for the 1,4-diaza-1,3-butadiene ligand are 
shown in Fig. 1. The planar E-s-trans-Zs conformation will be particularly 
suited either for coordination to one metal center via the lone pair of one 
N atom (cr-N monodentate) or for a bridging coordination mode between 
metal centers via the lone pairs on each of the N atoms (a-N,a-N' bridg¬ 
ing). Furthermore, conformations ranging from gauche to planar E-s-cis- 
E also allow the involvement of one irC=N bond in addition to the two 
lone pairs on the N atoms resulting in a bridging coordination mode (a- 
N,ji 2 -N',j/ 2 -CN'). Finally the planar E-s-cis-E conformer can be either che¬ 
late bonded to one metal center (cr,(7-N,N' chelate) or chelate bonded to 
one metal atom and f/ 2 -bonded via both irC=N bonds to a second metal 
center thus attaining a bridge bonding mode (a-'N.a-'N'rf-C'Nrf-C'N'). It 
is obvious that pure f/ 2 -C=N,Tf 2 -C = N' bonded R-DAB ligands in the E- 
s-cis-E conformation are only possible when both a lone pairs are first 
involved in bonding to either one or two metal centers (31, 33). 

In the following sections these various coordination modes will be suc¬ 
cessively treated thus revealing the fascinating versatile coordination be¬ 
havior of this ligand. This versatility becomes particularly evident when 
one compares the coordination modes of the R-DAB ligand with the single 
a,<r-N,N' chelate coordination mode observed for related 2,2-bipyridine. 
The R-DAB ligand has the unique property that it enables the metal center 
to adjust its electron density by changing its point of attachment to the 
N=C—C=N system (2); the latter donating either 2, 4, 6, or 8 electrons. 


B. Monodentate (a-N;2e) 1,4-Diaza-1,3-butadienes 

So far stable complexes containing monodentate R-DAB have only been 
reported for the square planar </ 8 -metals Pd 11 , Pt 11 , and Rh 1 (29, 32, 34, 
55). Compounds of the type /rtf/w-PdX 2 (R-DAB) 2 have been obtained from 
the reaction of PdX 2 (PhCN) 2 with /-Bu-DAB or EtMe 2 C-DAB (29). The 
NMR spectra of these compounds were consistent with the trans structure 
shown in Fig. 2. The R-DAB ligand is coordinated via the N lone pair in 
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<t-N 2e 

PdCI 2 (PPh 3 ) (/- Bu-DAB) 

X ray ( 21 . 29 ) 


o,a- N,N' 4e 


PtCI 2 (rj^-styrene) (f-Bu-DAB) 

X ray (45, 56 ) 


o-n,o-n' leae 


[PtCI 2 (PBu 3 ) ] 2 (/-Bu-DAB) 

X ray ( 32 . 56 ) 


a-N.H-N!n-CN' 6e 


Fe 2 (CO) 6 ( t Bu-DAB) 

X ray ( 30 ) 


.Cl 


t-Bu 

N — Pd*—PPho 

«-/ cr 

-H 


NBu 


<J>nJ 


t-Bu 
I 

Cl n. 


— PL 1 


^7 c 


/ 


i*H 


Cl 


t-Bu 


C| U Bu 


Bu q P— Pt— N 

J / 


Cl 


V-H 

/ ci 

N — Pt — PBuo 

/ ✓ 

t*Bu Cl 



a-N.a-N^-CN.n^CN' 8e 

Ru 2 (CO )4 (^ 2 - acetylene) -o, o-tj 2 , r) 2 - 
(/ Pr DAB) X ray ( 31 . 33 ) 



Fig. 1. Examples of metal-R-DAB complexes, illustrating the various coordination pos¬ 
sibilities. 


the s-trans conformation with the coordinated C=N site in the E confor¬ 
mation and as a result the N=C —C—N skeleton is almost planar. This 
conclusion is based on the anomalously low field shift of the proton 
upon coordination. The magnetic anisotropy of the planar complex would 
necessarily result in a deshielding of located close to the metal above 
the coordination plane in this conformation. 
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R 



N 

\ 


R 

(a) ft>) 

Fig. 2. Proposed structure (a) of (/■an.s-PdX 2 (R-DAB) 2 (R = t-Bu, EtMe 2 C; X = Cl, Br) 
(29), and (b) of (/■ani-A'-PdX(C 6 H 4 CH(Z)NMe 2 )(R-DAB) (R = t-Bu, EtMe 2 C; X = Cl, Br; 
Z = H, (S)-Me) (36). 


That the planar Zw-trans-Z? conformation is indeed preferred for mon- 
odentate bonded R-DAB (as well as for <r-N,<r-N' bridging R-DAB, see 
Section III,C) can be concluded from the structure in the solid state of 
rr^-PdCl 2 (PPh 3 )(r-Bu-DAB) (21) (see Fig. 1 and Table II). The r-Bu- 
DAB ligand is coordinated via one N atom while the second imino-N atom 
is free. resides above the Pd 11 coordination plane at a calculated distance 
of 2.6 A. One important aspect of this structure is the fact that the 
N=C —C=N skeleton is somewhat bent toward the Pd coordination plane 
in order to minimize contact of the r-Bu group with the cis ligands. 

Complexes similar to rra/z.s-PdCl 2 (PPh 3 )(/-Bu-DAB) have been prepared 
via the bridge splitting reactions shown in Eq. (4) which proceed via for¬ 
mation of complexes with 2 :1 M : R-DAB molar ratios (29). 

a, R = aryl; 

/-Bu-DAB; 

CH 2 Ci 2 , rt 

[mci 2 (er) 9 ], —| (4) 

/-Bu-DAB 

[M(ER^)C1 2 1 2 (/-Bu-DAB) 2MCl 2 (ERg)(/-Bu-DAB) 

M = Pt, Pd in solution; M = Pt, Pd 

Both the 2: 1 and 1 :1 Pt-R-DAB complexes with a trans triarylphos- 
phine or -arsine ligand are stable and isolable but in the case of Pd this 


b, R = alkyl; 

/-Bu-DAB 
CH 2 CL, RT 


[m(er3)ci 2 i 2 (/-Bu-dab) ; 


/-Bu-DAB 


2 MCl^ERgX/ -Bu-DAB) 


M = Pt, Pd 



TABLE 


Structural Features of R-DAB-Metal 


Bonding mode; number of 
electrons donated. 


Distances (A.) and angles ( 

°) 




Compound 

M-N 

N-M-N 

C=N 

A. Monodentate (<r-N; 2e) 




//■anj-PdCl 2 (PBu 3 )(/-Bu- 




DAB) 

2.130(6) 


1.264(10)* 

1.239(10)' 

B. Bridging {a— N,ff — N'; 




2e + 2e) 

[//■an.y-PtCl 2 (PBu 3 )] 2 (/- 




Bu-DAB) 

2.214(10) 


1.27(3) 

C. Chelating {a y a— N,N'; 




4e) 

Mo(CO) 4 (R-DAB) R - i- 




Pr 

2.263 

N.R. 

1.277 


2.276 


1.283 

R = 2,6-(/-Pr) 2 C 6 H 3 - 




DAB 

2.238 

N.R. 

1.275 


2.222 


1.288 

MoC1(t ? 3 -C 4 H 7 )(CO) 2 (c- 

Hex-DAB) 

WBr(i, 3 -C 3 H 5 )(CO) 2 (c- 

2.237(4) 

72.78(15) 

1.283(7) 

Hex-DAB) 

2.219(10) 

72.38(34) 

1.303(16) 

MnBr(CO) 3 (c-Hex-DAB) 

2.057(14) 

78.05(55) 

1.294(27) 


2.050(15) 


1.274(30) 

ReCl(CO) 3 (/-Pr-DAB) 

2.258(18) 

72.72(73) 

1.345(36) 


2.232(19) 


1.264(39) 

Mn(/-Bu-DAB) 2 

2.06 

80.5 

1.32 

Ru(/>-MeOC 6 H 4 -DAB) 3 

2.06(3) mean 

i 74.4-78.7 

1.34(5) mean 


2.04-2.10 


1.28-1.38 

RuCl 2 (/-Pr-DAB) 2 

2.000(6)- 

78.4(3) and 

1.291 mean 


2.051(6) 

77.8(3) 


Rh(/-Pr 2 CH-DAB)(CO) 2 - 

2.118(5) 

78.8(2) 

1.282(8) 

RhCl 2 (CO) 2 

Fe(CO) 3 (2,6-/-Pr 2 C 6 H 3 - 

2.109(5) 


1.304(8) 

DAB) 

1.927(3) 

80.1(1) 

1.329(5) 

Fe(NO) 2 (/-Bu-DAB) 

Fe(CO)(/-Pr-DAB)(2,3- 

2.03 

79.8 

1.26 

Me 2 C 4 H 4 ) 

1.930(1) 

81.0(1) 

1.311(2) 

Ni(c-Hex-DAB) 2 

1.924 mean 

83.0 mean 

1.321 mean 

Ni(xylyl-DAB) 2 

Ni(CO) 2 [Me 2 N- 

1.928 mean 

83.1 mean 

1.342 mean 

DAB(Me, Me)] 

1.97(3) 

81.0 

1.22(6) 


1.99(5) 


1.22(5) 

NiBr(metalated /-Pr 2 CH- 




DAB) 

1.820(13)' 

1.995(14)' 

82.0 

1.294(24) 
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II 


Complexes in the Solid State 


C-C ,a 

C-C-N 

N — C a 

Section 

Reference 

1.485(9) 

124.17(67) 

1.494(8) 

III,B 

(see Fig. 1) 

2/, 29 

1.48(2) 

118.2(13) 

1.52(2) 

III.C 

(see Fig. 1) 

32 


1.443 

N.R. 

N.R. 

III,D,2,b 

37 

1.467 

N.R. 

N.R. 

111,0,2,6 

37 

1.448(7) 

118.05(49) 

1.494(6) 

III,D,2,b 

38 

1.466(17) 

116.28(106) 

1.506(14) 

III,D,2,b 

39 

1.490(22) 

112.12(1.86) 

1.453(17) 

III,D,2,c 

40 


118.43(1.80) 

1.473(22) 



1.378(45) 

116.95(2.62) 

1.508(37) 

1.462(32) 

III,D,2,c 

41 

1.38 

N.R. 

N.R. 

III,D,2,c 

42 

1.37(5) mean 
1.33-1.45 

N.R. 

N.R. 

III,D,2,d 

43 

1.40 mean 

117.7 mean 

N.R. 

III,D,2,d 

44 

1.466(8) 

118.1(6) 

1.507(7) 

III,D,2,e 

45 



1.491(7) 



1.390(5) 

114.2(3) 

1.441(4) 

III,D,2,d 

110 

1.45 

N.R. 

N.R. 

III,D,2,d 

42 

1.405(3) 

N.R. 

1.407(2) 

III,D,2,d 

111b 

1.400 mean 

N.R. 

1.479 mean 

III,D,2,f 

9 

1.374 mean 

116.06 mean 

1.421 mean 

III,D,2,f 

10 

1.54(4) 

110.4 


III,D,2,f 

46 


119.3 




1.454(24) 

111.4 

1.504(20) 

1.483(22) 

III,D,2,f 

47 
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TABLE I! 


Bonding mode; number of 


Distances (A) and a 

ngles (°) 


electrons donated. 

Compound 

M-N 

N-M-N 

C — 

N 

Ni 2 ( M -Br) 2 (/-PrCH- 

DAB) 2 

1.93(3) mean 83.1(8) 

1.29(3) 

mean 

PtCl 2 (n 2 -styrene)(r- 

BuDAB) 

2.20(3) 

7.47(10) 

1.28(4) 


PtCl 2 (Tj 2 -ethylene)- 

[Me(H)N-DAB] 

2.31(3) 

2.221(10) 

72.0(4) 

1.289(15) 

D. Bridging (ff-N,^ 2 -N',7j 2 - 
CN'; 6e) 

M-M 

M'-N 1 

M'-N 2 

m 2 -n 2 

Fe 2 (CO) 6 (c-Hex-DAB) 

2.597(1) 

1.991(3) 

1.972(3) 

1.930(3) 

Ru 2 (CO) 4 (/-Pr-DAB) 2 

3.308(1)* 

2.16(1) 

2.11(1) 

2.14(1) 

MnCo(CO) 5 (M-CO)(r-Bu- 

DAB) 

2.639(3) 

2.094(9) 

2.048(9) 

1.891(9) 

E. Bridging ((t,(t-N,N',tj 2 -CN,tj 2 - 
CN'; 8e) 

M-M 

M'-N' 

M'-N 2 

M 2 — N l 

M 2 —N 2 

M 2 -C' 
M 2 —C 2 


Ru 2 (CO) 4 (Ai-C 2 H 2 )(/-Pr-DAB) 

2.936(1) 

2.117(6) 

2.111(6) 

2.226(7) 

2.225(6) 

2.226(7) 

2.226(7) 

Ru 4 (CO),,(/-Pr-DAB)j 

Mn 2 (CO) 6 [Me-DAB(Me, 

i 

2.07(1) 

2.20(1) 

2.17(2) 

2.18(2) 

2.26(2) 

2.24(2) 

Me)] 

2.615(1) 

1.997(3) 

1.995(3) 

2.111(3) 

2.108(3) 

2.147(4) 

2.137(4) 


0 Central C atoms (imino-carbon atoms) 
h Coordinated imino-N atom. 
f Free imino-N atom. 
d Trans to Br. 
f Trans to C. 

is only so for the 1 : 1 complexes. By contrast, the use of trialkylphosphines 
or -arsines yielded the 2 : 1 platinum or palladium complexes as stable solids 
[Eq. (4)] and 1 : 1 complexes were formed in solution. The intermolecular 
exchange processes between the dinuclear and mononuclear species and 
free R-DAB are slow on the NMR timescale (29). However, l H, l3 C, 15 N, 
3I P, and ,95 Pt NMR studies of ,5 N labeled (55) and nonlabeled (29) com- 
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c~c ,a 


C-C-N 

n-c* 


Section 


Reference 




1.48(3) 






1.38(3) mean 

117(2) mean 

mean 


III, D, 2, 

f 


47, 147 

1.51(5) 



1.46(4) 

III,D,2,f 



48 

1.50(2) 

116(1) 

N.R. 

III,D,2,f 



49 









Refer- 

M 2 -C 2 

C 2 —N 2 

N'=C' 

C'-C 2 —N 2 

C'-C 2 

e> 

Section 

ence 

2.069(3) 

1.397(4) 

1.280(5) 

N.R. 

1.435(5) 

12.2° 

III,E 


30 







(See 









Fig. 

t) 


2.14(1) 

1.43(1) 

1.30(1) 

115.9(6) 

1.45(1) 

5.0 

III,E 


50 

2.065(11) 

1.358(16) 

1.260(16) 

115.2(11) 

1.405(15) 

11.0 

111, E 


51 


C‘-N' 
C 2 —N 2 



c'-c 2 






1.395(10) 



1.396(11) 

=0°* 

III.F 


31 







(See 




1.451(9) 





Fig. 

1) 



1.39(2) 



1.42(3) 


III,F 


31 


1.43(2) 



1.40(3) 




52 


1.392(5) 

1.388(4) 



1.407(5) 


III,F 


53 


J Dihedral angle between N'^C 1 and N 2 —C 2 . 

8 Ru-Ru distance. 

h Ru’N’N 2 plane makes dihedral angle of 14° with the N'C'C 2 N 2 plane. 

' Ru 3 (in metallocycle)—Ru’(between metallocycles) 2.838(2); Ru 2 (in metallocycIe)~Ru' 
2.848(2); Ru 2 -Ru 3 2.994(2); Ru 4 (nonbridged)-Ru 2 2.838(2); Ru 4 -Ru 3 2.846(2) A. 

pounds showed that only at low temperature (slow exchange limit) is the 
R-DAB ligand monodentate bonded and rigid with a ground state con¬ 
formation deduced to be similar to that in f/ww-PdCl 2 (PPh 3 )(f-Bu-DAB) 
(Fig. 1). At room temperature the metal is rapidly changing its point of 
attachment by the process shown in Fig. 3. 

At -55°C the spectrum belonging to isomers A and A' is observed (char- 
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A 1 

B' 

Fig. 3. Proposed mechanism for the fluxional behavior of //•art l s-MX 2 (PR' 3 )(R-DAB) (29) 
and /ro^-A-MX(C 6 H 4 CH(Z)NMe 2 )(R-DAB) (36) (M = Pt or Pd; X = Cl, Br, or I; R' 
= Ph, Bu; R = /-Bu or EtMe 2 C; Z = H or (£)-Me) complexes in solution (changing the point 
of attachment of the metal to the R-DAB ligand via a-N «=* a,(7-N,N' rearrangement). 


acterized by the low field shift of H^). At room temperature a situation 
is reached in which the process A <=* A' via B is rapid on the NMR time 
scale. This process involves E to Z inversion at the free N site and rotation 
around the central C—C bond in order to bring the lone pair into the 
coordination sphere of the metal. In the intermediate or transition state 
B (cf. Ref. 55) the central metal is rehybridized from square planar to a 
trigonal bipyramidal configuration. 

Replacement of one Cl and one phosphine ligand in the [PdCl 2 - 
(ER 3 )]„(R-DAB) (E = P,As) complexes by a carbon-nitrogen donor ligand 
leading to the compounds shown in Fig. 2b even further destabilizes the 
Pd —N (imine) interaction. For these compounds, which can only be studied 
in solution, an intramolecular process similar to that outlined for the 1:1 
complexes in Fig. 3 has been established (36). 

The decrease of the M —N bond strength going from the Pd-R-DAB 
complexes PdX 2 (R-DAB) 2 , [PdX 2 (PR' 3 )] 2 (R-DAB), PdX 2 (PR' 3 )(R-DAB) 
to PdX(C 6 H 4 CH 2 NMe 2 -2)(R-DAB) (R = /-Bu, EtMe 2 C; X - Cl, Br, or 



Metal-1,4-diaza~1,3-butadiene Chemistry 


165 


I; R' = Bu) can be explained by an increase in electron density caused by 
the ligands trans to the imine-N atom thereby reducing the possibility of 
a donation from this N atom to the metal (36). 

There is evidence for intermediates containing d-monodentate bonded 
R-DAB molecules, e.g., the 1 : 1 Et 3 Al-R-DAB complexes which are stable 
only at temperatures below -10°C (for R = /-Bu 5H“ is 7.65 and 8.90 
ppm again pointing to an £’-5 , -trans-£’ conformation for the monodentate 
bonded ligand) (54). The course of these reactions at room temperature 
is discussed in Section VI,B. 

Finally, the reaction of M(CO) 5 THF (M = Cr,Mo) with Ph-DAB at 
-60°C afforded M(CO) 5 (Ph-DAB) in which, according to IR and NMR 
spectra, the Ph-DAB ligand is tr-N (2e) bonded to the bulky M(CO) 5 
group. This complex is converted above -20°C to M(CO) 4 (Ph-DAB) (55). 


C. Bridging 2e + 2e) 1,4-Diaza-1,3-butadienes 

It has already been pointed out that the c-N monodentate and the <j- 
N,<7-N' bridging bonding modes of the R-DAB ligand are very much related 
because both have the F-^-trans-F conformation of the N=C—C=N skel¬ 
eton as a common structural feature. As for the <r -N monodentate R-DAB 
complexes the structure of one example of a bridge bonding mode, i.e., of 
stable [PtCl 2 (PBu 3 )] 2 (/-BuDAB) [Eq. (4)] has been established by X-ray 
structure determination (52, 56) (see Fig. 1). Indeed this structure contains 
a planar ClPtN=C—C=NPtCl skeleton while resides at a calculated 

Pt-H 0 distance of 2.6 A which again is within the distance of 3.2 A 

expected for van der Waals contacts. These structural features are retained 
in solution as can be concluded from, for example, ,5 N and 195 Pt NMR 
data (35) and the characteristic low field shift of in the l H NMR 
spectrum (32). 

Likewise the 1:1 complex containing the cyclometalated Pd unit (see 
Fig. 2b) can be converted to a dinuclear complex Pd(C 6 H 4 CH- 
(Z)NMe 2 -2)X] 2 (R-DAB) (Z = H or (S’)-Me; X = Cl, Br, I; R = /-Bu, 
EtMe 2 C) that can be isolated when R = /-Bu. This compound has a similar 
structure to [PtCl 2 (PBu 3 )] 2 (/-Bu-DAB) i.e., an /s-s-trans-is PdN = 
C—C = NPd skeleton with the N ligands in each Pd coordination plane 
in trans position (36). 

Other complexes with bridging R-DAB ligands, again comprising metals 
from the d 8 series, have been derived from the bridge splitting reactions 
[cf. Eqs. (4)] of [MCK^-allyl)], (M = Pd, n = 2; M = Pt, n ~ 4) with 
various R-DAB ligands (57). In the presence of NaC10 4 exclusively com¬ 
plexes [M(7 ? 3 -allyl)(R-DAB)]C10 4 (M = Pd; R = C 6 H 4 OMe-p; M = Pt; 
R = Ph,R' = Me) were isolated containing <t,<t-N,N' chelate bonded R- 



166 


G. VAN KOTEN and K. VRIEZE 


DAB [see Eq. (5)]. However, in the absence of strong anions complexes 
with [PdCl(?/ 3 -allyl)] 2 (R-DAB) stoichiometry were observed pointing to 
the presence of <r-N,(r-N' bridging R-DAB ligands. These complexes were 
only stable for the /-Bu-DAB ligand and then only when in apolar solvents. 
Replacement of one H for Me destabilized the dinuclear species and pro¬ 
duced (in methanol) the ionic complex {Pd(* 7 3 -allyl)[R-DAB(H,Me)]} 
[PdCl 2 (?/ 3 -allyl)] (R = C 6 H 4 OMe-p) with a <r,<r-N,N' chelate bonded R- 
DAB (H,Me) ligand in the cation. This is in line with our earlier suggestion 
(see Section III,A) that the presence of methyl groups at the central C 
atoms stabilized the E-s-cis-E conformer relative to its .s-trans isomer. On 
the other hand it must be recalled that for these complexes the bridging 
bonding mode can also be assumed because the Pd center has a square 
planar coordination geometry. 

R-DAB + [PdCl(n 3 -Meall)] 2 [ PdClfo 3 - Meall)] a (R - DAB) 



[Pd(n 3 -Meall)(R - DAB)] [PdCl^-MealD] 

With regard to the above it is not surprising that the mononuclear Pd° 
compound Pd(t/ 2 -olefin)(R-DAB) can be converted to a dinuclear Pd° com¬ 
pound with a <r-N,<r-N' bridge bonding mode by addition of a coordinating 
molecule [see Eq. (6)]. The dinuclear compound (containing three coor¬ 
dinate Pd°) is stable because the metal has the required planar geometry. 
Equation (6) furthermore shows that oxidative addition of [Pd(r/ 2 -olefin)(/- 
Bu-DAB)] with methylallyl chloride produces [PdCl(r/ 3 -Meall)] 2 (/-Bu- 
DAB) (58). 


2 Pd(V-olefin)(f-Bu-DAB) + olefin-► [Pd(77 2 -olefin)] 2 (/-Bu-DAB) 

MeallCl l - olefin and /-Bu-DAB (6) 

{[PdCl(T 7 3 -Meall)] 2 (/-Bu-DAB} olefin = dmf(emf) 

Bridging R-DAB ligands have also been observed in Rh 1 chemistry ( 34 , 
59-61). Bridge splitting reactions of Rh(CO) 2 (^-Cl) 2 Rh(CO) 2 with R- 
DAB afforded complexes with {[RhCl(CO) 2 ] 2 (R-DAB)} (R = /-Bu, 
EtMe 2 C) stoichiometry. The actual species and ratios present in solution 
is dependent on the branching at C“ and (34). It appeared that due to 
the weaker Rh-R-DAB bonding there exists in solution an equilibrium 
mixture of the dinuclear species RhCl(CO) 2 [M-(^-N,o--N')-R-DAB]- 
RhCl(CO) 2 and the ionic species [Rh(CO) 2 (R-DAB)][RhCl 2 (CO) 2 ]. 

If the ligand is /-Bu-DAB the dinuclear complex is the major species. 
Intermolecular exchange between these dinuclear and ionic Rh species is 
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fast on the NMR time scale at room temperature ( 34) (Section III,D,2,e). 

Bridging R-DAB has also been reported in the reaction of the 1,4-diaza- 
l,3-butadien-2-ylpalladium compound with [RhCl(CO ) 2 ]2 shown in Eq. 
(7) (60). 


Me R 
\ / 

PhgP C=N 

Cl—Pd—C + [RhCl(CO) 2 ] 2 

PhgP N 

R 

Me 

(CO) 2 ClRh(RN=d?—C=NR)RhCl (CO) 2 
PhgP—Pd—PPh 3 
Cl 

R = C 6 H 4 OM e-p 


(7) 


D. Chelate Bonded (<T,(T‘N,N';4e) 1,4-Diaza-1,3-butadienes 

The chemistry and structural aspects of metal complexes containing 
chelated bonded R-DAB have been well explored in contrast to the other 
bonding modes that have been realized only recently. Accordingly a vast 
amount of information is available that will be covered in two sections. 
First, the commonly applied synthetic routes will be discussed. Second, the 
specific synthetic and structural features will be treated with the complexes 
arranged according to the group to which the metal belongs. In this latter 
section the main results and general conclusions emerging from the some¬ 
times detailed investigations of the bonding features of these complexes 
by MO calculations, resonance Raman spectroscopy (RR), and NMR and 
ESR spectroscopy will also be put forward. 


1. General Synthetic Methods 

Most complexes have been prepared by mixing a metal salt with the R- 
DAB ligand in the required molar ratio. Examples are the syntheses of 
MCl 2 (/?-MeOC 6 H 4 -DAB) complexes of Zn, Cd, and Hg (62). 

R 

\ R, 

ci s 

MCl a + R-DAB(R\ R") -** ^ T (8) 

Cl N :?=Jvs ‘R" 

/ 

M = Cu, Co, Zn, Cd, Hg; R 

R' = R" = H; 

R' = H, R" = /rows -PdCl(PPhg) 2 
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Likewise reaction of a l,4-diaza-l,3-butadien-2-ylmetal complex with 
CuCl 2 , CoCl 2 , and ZnCl 2 gives the corresponding 1:1 complexes. This 
route is summarized in Eq. (8) {60, 63-67). Diarylzinc-R-DAB complexes 
have been similarly prepared (65) (see Section III,D,2,g). 

For the synthesis of metal carbonyl complexes various routes have been 
reported. Methods that are not of general applicability (being unique for 
a given compound) are described in Section III,D,2. 


a. Thermal Reaction of the Metal Hexacarbonyl Complexes with R- 
DAB. Reaction of Mo(CO) 6 with Ph-DAB(Me,Me) afforded at 80°C via 
a slow substitution of CO the corresponding Mo(CO) 4 [Ph-DAB(Me,Me)] 
complexes {69, 70). 



Ph 

M co 

rf U ; C0 

^>)'to co 

0 Me. 

, x 80 C N| 

Mo(CO) 6 + Ph-DAB(Me, Me) -► j 

Me^ 


Ph 


b. Ligand Substitution of Metal Carbonyl Derivatives. Since reaction 
(9) at elevated temperatures often leads to side reactions a better procedure 
involves the use of metal carbonyl derivatives containing at least one ligand 
that is weakly bonded. Two such reactions are shown in Eqs. (10) {71) 
and (11) {55). 


MX(rj 3 -C 3 H 4 R')(CO) 2 (MeCN) 2 + R-DAB 
M = Mo or W 



( 10 ) 


M(CO) b THF + Ph-DAB 
M = Cr or Mo 


-60"C 



/CO 

N sl.co 

M 

nVco 

\CO 

Ph 


Ph 


(ID 
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It has been shown that the conversion of the <r -N to a <r,<r-N,N' bonded 
Ph-DAB ligand in Eq. (11) is a fast reaction. 

c. Substitution in the Ligand Sphere of a Metal . Some R-DAB ligands 
are either not known as free molecules or have only a very limited stability. 
For these ligands the synthesis of complexes by an in situ preparation is 
a well-known approach and are illustrated in Eqs. (12) (77, 69) and 
(13) (72). 


-2 CO 

2 Aryl-NH 2 + 0=C(Me)C(Me)=0 + Mo{CO) 6 - —~ 



Aryl 
/ CO 

M /CO 

MoC 

✓ I 

\co 

Aryl 


CO 


( 12 ) 



+ MCl a + />-KC„H 4 NH 2 


R = e.g. f Me, NO a 
M = Zn, Co, Ni, or Cu 



(13) 


Another interesting reaction involves the exchange of an amino for a 
benzyl group as illustrated in Eq. (14) (69). 



nh 2 

/ 

N \ 

WcO ) 4 + 2 PhCH 2 NH 2 


N 

\ 


NH 2 


80 °C 


-2N a H 4 


CH,Ph 


Me N 


Me' 




flo(CO) 4 


CH-Ph 


(14) 


d. Via Reduction of Metal Halides in the Presence of R-DAB. A large 
number of zerovalent metal 1,4-diaza-1,3-butadiene complexes are acces¬ 
sible via reactions of R-DAB with zerovalent metal-ligand complexes, or 
via reduction of metal-ligand complexes with Grignard or aluminum com¬ 
pounds in the presence of R-DAB. Examples are shown in Eqs. (15)-(18). 

Ni(COD) 2 + 2R-DAB — Ni(R-DAB) 2 + 2COD (9, I0 y 73 , 74) (1 5) 

Pt(COD) 2 + R-DAB — Pt(COD)(R-DAB) + COD (75) (16) 

Pd(DBA) 2 + R-DAB + olefin — Pd(R-DAB)(^-olefin) (58) (17) 
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3e - 


Cr(acac) 3 + 2R-DAB — Cr(R-DAB) 2 {73) 

THF 


( 18 ) 


2. Structural and Bonding Aspects 

a. Groups IIIA-VA. Only limited information is available concerning 
the complex formation of R-DAB ligands with the early transition metals. 
Some work has been done directed to the synthesis of TiCl 4 (R-DAB) (R 
= e.g., /-Pr, /-Bu, c-Hex, C 6 H 4 OMe-/?) complexes. These are insoluble in 
apolar solvents and decompose upon attempted recrystallization from polar 
solvents such as Me 2 SO and DMF (76). <r,<r-N,N' chelate bonding for the 
R-DAB in these complexes has been proposed but IR data could not un¬ 
ambiguously preclude the fact that these complexes could be oligomers 
rather than monomers. 

Unsuccessful attempts were undertaken to reduce these TiCl 4 (R-DAB) 
complexes to Ti°(R-DAB) 2 . In contrast, blue-green colored V(/-Pr-DAB) 3 , 
which appeared to be relatively stable, was obtained from the reaction of 
VC1 3 with /-Pr-DAB and sodium in THF (76). 

b. Group VIA. Complexes of the d 6 metals Cr, Mo, and W containing 
exclusively R-DAB ligands have been reported for Cr ( 74 , 76). The number 
of R-DAB ligands bonded to Cr is dependent on the type of substituents 
present, e.g., tetracoordinate Cr(R-DAB) 2 was obtained for R = /-Pr 2 CH 
and /-Bu, and hexacoordinate Cr(R-DAB) 3 for R = /-Pr. Analogous com¬ 
plexes of zerovalent Mo have not been isolated although some evidence for 
the synthesis of Mo(/-Pr 2 CH-DAB) 2 (MeCN) 2 containing cis-positioned 
MeCN ligands was obtained (76). 

Stable R-DAB-metal carbonyl complexes were obtained starting from 
hexacarbonyls [cf. Eq. (9)] and complexes with M(CO) 4 (R-DAB) stoi¬ 
chiometry have been reported for all three metals (Cr: 55, 77-80\ Mo: 55, 
69 , 77-9/; W: 55, 77-80 , 88). These compounds have the symmetry prop¬ 
erties of the C 2v point group, they are strongly colored and the bidentate 
nitrogen donor ligand shows strong 7r-bonding interaction with the group 
VIA metal (vide infra). The molecular geometry of Mo(CO) 4 (R-DAB) 
(R = /-Pr and 2,6-(/-Pr) 2 C 6 H 3 ) (37) has been established by X-ray struc¬ 
tural determinations (see Table II). 

Thermally stable Mo(CO) 4 (R-DAB) undergoes single CO substitution 
with tertiary phosphines in boiling benzene leading to Mo(CO) 3 - 
(PR' 3 )(R-DAB) (R' = Ph,Bu (70, 78 , 8f 84 , 86-88 , 92, 93) R = alkyl 
or aryl). 

In the case of thermally less stable complexes the route shown in Eq. 
(19) can be followed (94). 
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Mo(CO) 3 (MeCN) 3 + R-DAB 


25 °C 

CA 



R 


CMe 


/ 

N 


1 III 
N 

>Jc < C0 
f £ C ° 

R 


PPh 3 


CeHg; -MeCN 


(19) 



The interesting point of this synthesis is that exclusively the cis product 
is formed. In Eq. (20) the synthesis of a bisphosphine complex is shown 
that likewise occurs with high stereospecificity (95). 


R 

/ PPh 3 

-MeCN 'N^ N \l/CO 

M(CO) 2 (PPh 3 ) 2 (MeCN) 2 + R-DAB -► (20) 

I CO 

\PPh 3 

R 

Other Mo(CO) 2 (PR 3 ) 2 (R-DAB) complexes where R' = Bu (57, 95), Ph 
(55), and Et (57) have been reported. 

The Cr and Mo complexes M(CO) 4 (R-DAB), in which R = 7-Pr, 
have a sufficiently high photoreactivity to form the monosubstituted 
M(CO) 3 [P(OMe) 3 ](/-Pr-DAB) complexes in the presence of P(OMe) 3 
upon irradiation within the MLCT (metal-to-ligand charge transfer) band 
(50). In contrast no photosubstitution is observed for the W compound 
when R is p-tolyL 

MX(R'-All)(CO) 2 (R-DAB) complexes of the d 6 metal-R-DAB com¬ 
plexes are obtained by treating the acetonitrile complexes MX(t? 3 - 
C 3 H 4 R')(CO) 2 (MeCN) 2 (M = Mo, W; R ; = H or Me and X = Cl or Br) 
with R-DAB (R = alkyl or aryl) according to Eq. (10) (77). The oxidative 
addition reaction of/ac-M(CO) 3 L 2 L' (M = Mo, W) with R'C 3 H 4 X, which 
was shown to be successful when L 2 is phenanthroline or 2,2'-bipyridine 
(96), does not proceed when L 2 is R-DAB (77). 

The structures of MoCl(7? 3 -C 3 H 4 Me)(CO) 2 (c-Hex-DAB) (55) and of 
WBr(r/ 3 -C 3 H 5 )(CO) 2 (c-Hex-DAB) (59) have been solved by X-ray struc¬ 
ture determinations (see Table II) and these are schematically shown in 
Eq. (10). The observation that the cis positioned Cl atom can be exchanged 
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for Br, I, or SCN whereas no reaction was observed with, for example, 
HgCl 2 was ascribed to steric hindrance imposed by the N substituents (71). 

MoX(77 3 -C 3 H 5 )(CO) 2 (c-Hex-DAB) can be converted to cationic com¬ 
plexes with Ag 1 or T1 , BF 4 in the presence of a suitable ligand such as 
pyridine (77). An interesting aspect of these complexes is their structural 
similarity to the corresponding 2,2'-bipyridine and phenanthroline com¬ 
plexes but the reactivity of the R-DAB complexes is far less. 

A stable trinuclear molybdenum-mercury compound was obtained via 
the reaction shown in Eq. (21) (97). 

2K + [Mo(CO) 4 (R-DAB)] + HgCl 2 -► 2KC1 + 2CO + [Mo(CO) 3 (R-DAB)] 2 Hg 

( 21 ) 

R = r-Bu, i-Pr 


The bonding of the M(CO) 4 (R-DAB) (M = Cr, Mo, W) complexes has 
been extensively investigated. These studies were induced in particular by 
the intense colors they exhibit in solution ranging from purple to orange. 
Indeed all compounds have an absorption in the visible region with an e 
value of 7.000-17.500 liters mor 1 cm in cyclohexane (69). This absorption 
originated from a metal-to-ligand charge transfer (MLCT) transition, i.e., 
electron transfer from filled metal d orbitals into the empty ir* orbital of 
the ligand (69, 84 , 98). This transfer is possible because the planarity of 
the five-membered metallocycle allows overlap of metal d and i r* orbitals. 

Combined data from resonance Raman spectra, magnetic circular di- 
chroism measurements, and UV spectra showed that the CT band com¬ 
prised four separate electronic transitions (55, 78 , 99). The relevant part 
of a tentative MO scheme for the five allowed CT transitions is shown in 
Fig. 4 together with their polarization characteristics. Apart from the five 
symmetry allowed transitions there is one symmetry forbidden (a 2 <— a^ 
while (b 2 ^— a,) is overlap forbidden (55). 

The maximum of the CT band of the Mo(CO) 4 (R-DAB) complexes 
shifts with changing polarity of the solvent (69, 83-86 A 97, 100 , 707), so- 
called solvatochromism, which is due to the fact that the ground state 
molecule is polar. This dependence is illustrated by Table III and has been 
used to quantify the polarity of a series of solvents (86). 

Strong solvatochromism only occurs for electronic transitions in which 
electron transfer takes place along the dipole moment vector that for 
Mo(CO) 4 (R-DAB) coincides with the z-vector shown in Fig. 4. This was 
indicated by the observation that the resonance Raman effect is more 

4 In Ref. 85 the term negative is erroneously used when positive solvatochromism is meant. 
The latter refers to a shift of the maximum to shorter wavelength on going from apolar to 
polar solvent. 
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Fig. 4. (a) Part of a tentative MO scheme relevant to the CT transtions between the metal 
and the R-DAB ligand in M(CO) 4 (R-DAB) complexes together with the metal-to-R-DAB 
CT transitions and their polarization direction (55). (b) Applied coordinate transformation 
for obtaining symmetry adapted orbitals. 


pronounced in the z-polarized transition b 2 <— b 2 for the more polar solvents, 
i.e., in polar solvents the electrons are more localized on the metal and this 
involves a shift of negative charge along the dipole moment vector. This 
conclusion was also supported by the results of ’H and ,3 C NMR studies 
involving the use of 15 N-enriched Mo(CO) 4 (Me-DAB) (55). 

Since the solvatochromism effect depends on the degree of stabilization 
of the ground state and destabilization of the excited state the R substit¬ 
uents are of much importance because they are responsible for the 7r-ac- 
cepting properties of the R-DAB ligand. It has been found that a decrease 
in 7 r-accepting ability is paralleled by an enhanced solvatochromic effect 
(84) (see Table IV). 

Extensive resonance Raman studies of Mo(CO) 4 (/-Bu-DAB) (55) 
showed that the CT transitions are not purely metal-to-R-DAB in char¬ 
acter, as has previously been assumed ( 69 , 100), but that orbitals of the 
cis carbonyl groups appear to be mixed in the first excited states of the 
complex (55). This is rationalized by Fig. 5 which shows the x* R-DAB 
orbital overlap with the cis-CO ir* orbitals (cf. solvatochromic effect of cis 
and trans v COs). On the basis of this orbital scheme the selective pho¬ 
tosubstitution of the cis CO for phosphine ligands in M(CO) 4 (R-DAB) 
complexes could also be explained (vide supra). The decreasing reactivity 
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TABLE III 


Solvent Dependence (Solvatochromy) of the CT Absorption and KCO) 
(cm" 1 ) of Mo(CO) 4 (f-Bu-DAB) fl 


Solvent 

CT absorption* 

KCO) c 

A, 

B, 

> 

o 

o 

rans 

B, 

Dimethyl sulfoxide 

21,120 

1878 

1828 

2023 

1908 

Dimethylformamide 

20,960 

1880 

1832 

2024 

1908 

Acetone 

20,400 

1887 

1836 

2024 

1912 

Methanol 

19,880 

1887 

1838 

2024 

1913 

Dioxane 

19,230 

1892 

1842 

2022 

sh 

Chloroform 

18,930 

1890 

1838 

2924 

1915 

Tetrachloromethane 

18,020 

1910 

1855 

2024 

1915 

Cyclohexane 

17,745 

1914 

1864 

2024 

1923 


a Data taken from Ref. 85. 
b v m (cm -1 ). 

going from Cr to W is due to a decrease of delocalization of the MLCT 
excited state over the cis COs as the central metal atom becomes larger 
(extent of overlap decreases) (80, 102). 

Similar studies have been carried out for M(CO) 4 _ n L„(R-DAB) com¬ 
plexes (92). One of the more general conclusions is that, when comparing 
the complexes with n- 0, 1, and 2 with L = PPh 3 , the effect of the solvent 
on the maximum of the CT band increases, thus pointing to decreasing 
^-accepting properties of the ligand systems (81, 87, 94) (cf. Table IV). 
Accordingly, there is a question as to whether the central metal atom in 
M(CO) 2 L 2 (R-DAB) complexes is oxidized to some extent (92, 94, 95). 

TABLE IV 

Relationship between Solvatochromic Effect and 
7t-Accepting Ability of the R-DAB 
Ligand in Mo(CO) 4 (R-DAB) fl 


R 

UDMF)‘ 

(cm -1 ) 

i’JW 

(cm' 1 ) 

At* 

(cm -1 ) 

c-Hex 

21,275 

18,553 

2722 

/- Pr 

20,325 

18,622 

1703 

c-Pr 

20,100 

18,553 

1547 

Me 

20,000 

18,762 

1238 

Ph 

17,606 

16,570 

1036 

C 6 H 4 Me-o 

18,215 

17,391 

824 


a Data taken from Ref. 84. 
b Maximum of the CT absorption. 
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Fig. 5. Overlap of k* orbitals of the cis CO groups and the tt* orbitals of the R-DAB 
ligand. The metal ^-orbital combinations which give tt back bonding with these tt* orbitals 
are shown on the right (55). 


IR, UV, and 'H, 13 C and 31 P NMR studies of a series of 
Mo(CO) 4 - n (PR' 3 ) n L 2 (n = 0, 1; R' = OMe, Ph, Et, f-Bu, c-Hex, and n 
= 2; R' = Et, L = /-Pr-DAB, /-PrPyca and 2,2'-bipyridine) showed that 
the x-back bonding between Mo and L is strongest for j-Pr-DAB (87). 
This conclusion concerning the better x-accepting properties of the R-DAB 
ligands was also obtained from comparison of these neutral complexes with 
their paramagnetic monoanions (81) (see Section V). 
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Finally, attention has been paid to the conformational stability of 
Mo(CO) 4 (R-DAB). Using l3 C NMR spectroscopy (79) cis-trans exchange 
of the CO ligands was found while absorption and resonance Raman spectra 
(83) indicated a distortion of the C 2v conformation at 77 K. CO exchange 
takes place via a transition state with pseudo C 4 „ symmetry (see Section 
IV,B,3 for the influence of R on the activation barrier for this process). 

The interesting trinuclear molybdenum-mercury compound shown in 
Eq. (21), which has been used for the C—C coupling reaction of two R- 
DAB ligands (Section VI,C) has been proposed to have the structure shown 
below; a linear Mo—Hg—Mo arrangement with the R-DAB ligands 
ff,(r-N,N' chelate bonded to Mo (97) [cf. structure of Mn(CO) 5 M'(CO) 3 (R- 
DAB), Section III,D,2,c]. 



c. Group VIIA. The reaction of (f-Bu-DAB)Na with manganese ace- 
tylacetonate affords in excellent yields the 15-electron Mn(/-Bu-DAB) 2 
complexes (42). 

Carbonyl complexes of d 1 metals with R-DAB are formed via the ligand 
substitution reaction shown in Eq. (22). 


MX(CO), + R-DAB(R', H) 


R \ 


oc, .. 

M 

oc" 

OC / 
R 


+ 2 CO 


H 


( 22 ) 


(M = Re, X = Cl, R = i-Pr, c-Hex, #>-tolyl; 

M = Mn, X = Br, R = i-Pr, f-Bu (R' = H or Me), Ph, p-ClC e H<, #>-MeOC„H,) 


The complexes of Mn are formed more easily than those of Re. Whereas 
complex formation occurs readily at 30°C with alkyl-DAB ligands in ether 
the synthesis of aryl-DAB complexes requires prolonged heating in toluene- 
heptane (77). The exchange of chloride for iodide in the Mn and Re com¬ 
plexes was possible via reaction with KI (77). Similarly other X groups, 
e.g., CN~ and MeCOj can be exchanged (77). 
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MnX(CO) 3 (f-Bu-DAB) reacts with AgBF 4 under a CO atmosphere (1.5 
atm) to give the cationic complex [Mn(CO) 4 (f-Bu-DAB)]BF 4 (77) which 
is isoelectronic with the corresponding d 6 metal complexes (see Section 
III,D,2,b). 

Dinuclear complexes Mn(CO) 5 M'(CO) 3 (R-DAB) (M' = Mn, Re) are 
formed according to Eq. (23). In view of the high yields, it is assumed that 
these complexes are formed via a nucleophilic mechanism (103). The for¬ 
mation of Mn 2 (CO)io can be explained by a redistribution reaction in¬ 
volving Mn(CO)s and Mn(CO) 5 M'(CO) 3 (R-DAB). 


Na[Mn(CO) B ] + M'X(CO) 3 (R-DAB[R\ H]) 


\ I 

—Mn 


— 


iT 

N— 

J 

-M— 
I \ 


(23) 


(M'= Re, R = t-Pr, c-Hex, />-tolyl; M' = Mn, R = j-Pr, 
R' = H or Me, p- tolyl, C 6 H 4 OM e-p) 


Mn(f-Bu-DAB) 2 has a tetrahedral structure containing two a,a-N,N' 
chelate bonded f-Bu-DAB ligands (see Tab le II) (42). Th e dihedral angle 
(6) between the two almost planar MnN=C—C=N chelate rings 
being 90°. 

MnBr(CO) 3 (c-Hex-DAB) (40) and ReCl(CO) 3 (/-Pr-DAB) (41) are 
isostructural as regards the direct metal-coordination sphere and are also 
isostructural with MnBr(CO) 3 L complexes in which L is 2,2'-bipyridine 
or 1,10-phenanthroline (77). The fac configuration of the X and N ligands 
in these complexes is schematically shown in Eq. (22). 

and l3 C NMR spectroscopic data pointed to a structure for the 
Mn(CO) 5 M'(CO) 3 (R-DAB) complexes consisting of a Mn — M' bond with 
the R-DAB ligand a,a-N,N' bonded to M' and the chelate plane perpen¬ 
dicular to the Mn — M' axis [see structure in Eq. (23)]. This structure is 
closely related to the homodinuclear M 2 (CO) 8 L (M = Mn, Re; L = 1,10- 
phenanthroline, 2,2'-biquinoline) complexes (103). It is assumed that steric 
factors are more important for the stability of the MM'(CO) 8 (R-DAB) 
complexes than electronic factors on the basis of the much greater stability 
of the complex with R = /-Pr over the R = /-Bu analog (103). 

The fact that in the MM'(CO) 8 (R-DAB) complexes intramolecular at¬ 
tack of one of the C=N bonds on the Mn center does not occur contrasts 
with instability of the intermediate MnCo(CO) 7 (R-DAB) formed in the 
reaction of Co(CO) 4 with MnBr(CO) 3 (R-DAB). In this Mn—Co dinuclear 
species intramolecular attack occurs converting the initially a,a- N,N' che¬ 
late bonded R-DAB ligand to a a-N^ 2 -N',)/ 2 -CN' bridge bonded ligand 
(see Section IV,A,3). Like the d 6 metal complexes the MX(CO) 3 (R-DAB) 
and Mn(CO) 5 M'(CO) 3 (R-DAB) complexes are all highly colored in so- 
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lution and have complex electronic absorption spectra in the visible and 
near UV (103). The MX(CO) 3 (R-DAB) complexes show positive solva- 
tochromism (77) which indicates that there is a strong resultant dipole 
moment from the R-DAB ligand to the metal and that the electron transfer 
during the CT transition is antiparallel to it. Extensive resonance Raman 
investigations of a series of ReCl(CO) 3 (/)-Tol-DAB) complexes showed 
that upon excitation within both MLCT and intraligand transitions reso¬ 
nance enhancement of a cis-carbonyl stretching mode also occurs (104). 

d. Group VIII; d 8 Metals Fe , Ru and Os. Of the d % metals only for 
Fe has a series of zerovalent R-DAB complexes been reported and the 
synthetic route is outlined in Eq. (24) (105). 


FeCl 2 + R-DAB 


FeCl 2 (R- DAB) 


2 Na; 
R-DAB 
-2 NaCl 



(24) 


[R = /-Bu, c-Hex, t-Pr, (t-Pr) a CH, Cg^Me-o^CgHaMej-o, p ] 


Fe(R-DAB) 2 complexes are very soluble in apolar solvents and take up 
CO reversibly to give Fe(CO)(R-DAB) 2 which is stable only in solution 
in a CO atmosphere (105, 106). Excess CO irreversibly generates 
Fe(CO) 3 (R-DAB) and free R-DAB (105). Likewise, the reaction with 
(CN) 2 giving rise to formation of Fe n (CN) 2 (R-DAB) 2 is irreversible (R 
= small alkyl grouping) (107). No reaction is observed for R = f-Bu. 

Much effort has been put into the study of Fe 2 (CO) 9 and Fe(CO) 5 with 
R-DAB (30, 105 , 106 , 108 , 109). According to a reinvestigation (110) the 
thermal reaction of Fe 2 (CO) 9 with t-Bu-DAB forms Fe(CO) 3 (r-Bu-DAB), 
t- Bu-NC(H)=C(H)N(f-Bu)t—O (2-imidazolinone) and Fe(CO) 5 in 
equimolar amounts (Fig. 22 in Section VI,A,1). Fe(CO) 3 (R-DAB) can 
also be prepared via the photochemical reaction of Fe(CO) 5 in the presence 
of the R-DAB ligand (50), In this reaction dinuclear products Fe 2 (CO) 6 (R- 
DAB), which can be isolated, are also formed (see Section III,E). 

Fe(NO) 2 (R-DAB) (R = i-Pr or Ph) has been reported without any com¬ 
ment concerning its preparation (107). 

Photolysis of Fe(CO) 3 (R-DAB) in the presence of 1,3-dienes affords 
complexes of the type Fe(CO)(rj 4 -l,3-diene)(R-DAB) liberating two moles 
of CO. This conversion occurs in two steps of which the first is thermally 
reversible. Only for 1,3-dienes with weak 7r-acceptor properties could such 
complexes be obtained (///). 
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hv 

“CO 

Fe(CO)g[R-DAB(Me, Me)] + 1,3-diene ^ 

A 

+ CO 


R = i-Pr, c-Hex, C 8 H 4 OMe-p 


Fe(CO) a (r; 2 -diene)fR-DAB(Me, Me)] 



R 


Mononuclear Ru and Os derivatives of the type M(CO) 3 (R-DAB) have 
been reported only for Ru with special sterically demanding R groups (112) 
(see Scheme 6 in Section IV,A,2). 

A zerovalent Ru(/?-MeOC 6 H 4 -DAB) 3 has been reported as the product 
from the reaction of /?-MeOC 6 H 4 -DAB with either RuH 2 (PPh 3 ) 4 or 
RuH(C 6 H 4 PPh 2 )(PPh 3 ) 2 (C 2 H 4 ) in toluene at 80°C (43). So far analogous 
Os compounds are not known. 

One of the most thoroughly investigated classes of compounds are those 
of general formula [Fe n (R-DAB) 3 ]X 2 (28 , 89 , 90 , 107 , 113-131). The 
complexes with R = Me are generally made by the condensation reaction 
of methylamine with glyoxal in the presence of the Fe 11 salt [cf. Eqs. (12) 
and (13)]. 

Ru 11 complexes were obtained from reactions of RuHCl(PPh 3 ) 3 with /- 
Pr-DAB affording RuHCl(PPh 3 ) 2 (/-Pr-DAB) (132). The latter compound 
reacts in MeOH at 50°C to give RuH 2 (PPh 3 ) 2 (/-Pr-DAB) which could 
also be prepared via the reaction of RuH 4 (PPh 3 ) 3 with /-Pr-DAB. In 
Scheme 1 the other products that have been obtained are summarized. 

[Ru m (R-DAB) 3 ]X 2 is produced quantitatively and isolated readily as the 
Cl~, BPh 4 , or PF^ salt by oxidation of Ru(R-DAB) 3 with molecular oxygen, 
I 2 , HC1, or even excess R-DAB (43). 

Reduction of RuC 1 3 * 3H 2 0 by metallic zinc in the presence of /-Pr-DAB 
afforded RuCl 2 (/-Pr-DAB) 2 (131). The corresponding low-spin complex 
Fe(SCN) 2 (c-Hex-DAB) 2 was obtained from the reaction of FeCl 2 with c- 
Hex-DAB in the presence of KSCN (131). 

Fe(R-DAB) 2 are 16-electron tetrahedral species that are paramagnetic 
(R = /-Bu; 2.98 BM in benzene) and very sensitive to oxygen (105). Ru(R- 
DAB) 3 has been formulated on the basis of an X-ray structure determi¬ 
nation (see Table II) as a formally 20-electron octahedral complex. This 
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RuHClCPPhjJj 

R-DAB.EtjO 

RuHCl(PPhj),(R-DAB) 

I MeOH 


RuH 2 (PPh 3 ) 2 (R-DAB) + RuH 2 (CO) (PPh^ 

R-DAB, toluene 
RuH 4 (PPh3) 3 


[Ru 2 Clg (PPh^) 2 (R - DAB) 2 ] Cl 
NaBPh 4 , MeOH 

[Ru 2 Cl3(PPh3) 2 (R-DAB) 2 ]BPh 4 
NaBPh 4t MeOH 

_ . , . . R-DAB, toluene 

[Ru 2 Cl 3 (PPh 3 ) 2 (R-DAB) 2 ]Cl —---RuCl 2 (PPh 3 ) 3 

R = t-Pr 

Scheme 1. Various related reactions of RuHCl(PPh 3 )j, RuCl 2 (PPh 3 ) 3 , and RuH 4 (PPh 3 ) 3 
( 132 , 133 ). 


complex, contrary to expectations, is diamagnetic (43), the analogous 
Fe(Bipy) 3 complex being paramagnetic (134). It is proposed that the ru¬ 
thenium compound has a temperature-dependent spin-free spin-paired 
equilibrium with a small population of the paramagnetic state (43). 

For Fe(CO) 3 (R-DAB) it was assumed that, depending on the substit¬ 
uents, the R-DAB ligand was bonded either in the <t,<t-N,N' chelate mode 
or in a <r-N,ij 2 -C=N' fashion (106, 109). However, later it was shown that 
all mononuclear M(CO) 3 (R-DAB) complexes, as was earlier suggested 
(108), contain <t,<t-N,N' chelate bonded R-DAB ligands (110). A recent 
X-ray structure determination of Fe(CO) 3 (2,6-/-Pr 2 C 6 H 3 -DAB) (see Table 
II) revealed that the Fe center is square pyramidally surrounded. The basal 
plane contains two CO and the <t,<t-N,N' chelate bonded R-DAB ligand 
while the third CO ligand resides in apical position. An interesting feature 
is the position of the aryl group perpendicular to the chelate plane (11 Ob). 

The Fe(CO)(?j 4 -l,3-diene)(R-DAB) complexes have, based on 'H and 
IJ C NMR, IR, and UV-visible spectra, square-pyramidal structures with 
basal-basal coordination of the R-DAB and 1,3-diene ligands [see structure 
in Eq. (25)] (111). This has been established by the structure in the solid 
of Fe(CO)(/-Pr-DAB)(2,3-Me 2 C 4 H 4 ) (11 lb). 
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Structural information concerning Fe(NO) 2 (R-DAB) and Fe(CN) 2 (R- 
DAB) (107) is not available. 

The octahedral Fe 11 complexes [Fe(R-DAB) 3 ]X 2 were some of the first 
R-DAB-metal complexes to be studied. In particular Krumholz and co¬ 
workers established the stability of the chelate ring in these spin-paired 
complexes (725, 755). The IR spectra, normal coordinate analysis (756), 
resonance Raman spectra, and excitation profiles (774) have all been sub¬ 
jects of interest. 

For the Ru complexes shown in Scheme 1 the R-DAB ligands are pro¬ 
posed to be <7 ,<t-N,N' chelate bonded. Recently a t/ 2 ,t/ 2 -bonded R-DAB 
ligand in the E-s-cis-E conformation was considered as a possibility in 
frafli’-Ru(PPh 3 ) 2 (H) 2 (/>-OMeC 6 H 4 -DAB) (757). This structure is unlikely 
in view of the unfavorable interaction of the lone pairs of the N atoms 
(see Section III,A). 

Finally, the structure in the solid state of RuCl 2 (/-Pr-DAB) 2 (see Table 
II) shows a cis arrangement of the two <r,<r-N,N' chelate bonded 7-Pr-DAB 
ligands in agreement with that deduced from ] H NMR experiments (757). 


e. Group VIII; d 9 Metals Co , Rh and Ir. To date R-DAB complexes 
of Ir have not been reported and the number of complexes containing Co 
and Rh is still very limited. Calculations have been carried out on cobalt 
complexes CoL 3 + (L = 1,10-phenanthroline, 2,2-bipyridine, Me-DAB) 
show that aliphatic diimines, which have the better ir-acceptor ability in 
comparison to 2,2'-bipy, cause a higher net charge on the metal and a 
stronger stabilization of the combining 7r orbitals (755, 759). This conclu¬ 
sion is in agreement with results of earlier spectroscopic studies (cf. Section 
III,D,2,b). 

Up to now the known isolated complexes of Co are homo- or hetero- 
dinuclear species of which the former contain a,a-N,N' chelate bonded R- 
DAB ligands (57, 140). The heterodinuclear complexes, which have 6- 
electron R-DAB ligands bridging the metal pair, are discussed in 
Section III,E. 

Complexes of the type Co 2 (CO) 6 (R-DAB) have been obtained from the 
reaction of Co 2 (CO) 8 with R-DAB. Reaction of Co 2 (CO) 6 (/?-Tol-DAB) 
with p-Tol-DAB in ether resulted in further substitution of CO while heat¬ 
ing the complex in hexane caused dimerization (140) [Eq. (26)]. 


Co 2 (CO) 8 


/>-Tol-DAB , v , 

-► Co 2 (CO) 6 (/>-Tol-DAB) 



( 26 ) 


>/ 2 Co 4 (CO) g (p-Tol-DAB) 2 


Co 2 (CO) 4 (/>-Tol-DAB) 2 
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'H and l3 C NMR spectroscopy of Co 2 (CO) 6 ( R-DAB) revealed the char¬ 
acteristic chemical shifts of o-,<r-N,N' chelate bonded R-DAB ligands (cf. 
Section IV,B,2) while the resonance pattern, furthermore, showed iso¬ 
chronous signals for the two R —N=CH halves of the R-DAB ligand in 
agreement with the schematic structure shown below. A series of Co 2 (CO) 6 L 
complexes (in which L is a bidentate N donor ligand) (141) as well as 
Fe 2 (CO) 7 (2,2'-bipy) (142) are known to have this structure. The nature 
of the 2e-2c Co—Co bond has been studied by UV-visible and resonance 
Raman spectroscopy [observation of band at 145 cm -1 assigned to 
v(Co-Co)] (51). In contrast to the pronounced solvatochromic shifts ob¬ 
served for d b and d 1 metal carbonyl R-DAB complexes such shifts were 
not found for Co 2 (CO) 6 (R-DAB) (51). 



The striking difference of the coordination mode of the R-DAB ligand 
in the homo- and heterodinuclear complexes (4e cr,tr-N,N' versus 6e a-N,^ 2 - 
N',? 7 2 -C=N'), which can be explained on the basis of the different geom¬ 
etries in the coordination polyhedra, is discussed in Section IV,A,3. 

Finally, entirely different heterodinuclear Co-Pd complexes have been 
derived from the reaction of the (l,4-diaza-3-methyl-l,3-butadien-2- 
yl)palladium(II) complexes with CoCl 2 [see Eq. (8)]. In these complexes 
the Pd-substituted R-DAB ligands are also tr,tr-N,N' bonded ( 63 , 143). 

The R-DAB-to-Rh interaction has been found to be vary between <r-N 
monodentate, bridging and cr,<r-N,N' chelate coordination modes 

depending on the nature of R (29, 24, 59, 61). The former two have been 
discussed in Section III,B and C. 

Complexes with <r,<r-N,N' bonded R-DAB ligands are encountered when 
the R group is doubly or triply branched at C a in combination with sub¬ 
stitution at the imino-C atoms [R' is Me or PdCl(Ph 2 PCH 2 CH 2 PPh 2 ) [see 
Eq. (27)]. 
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r 


N-^R' 

I 

R 


+ !£ [RhCl(COD)] 


R = C 6 H,OMe-/> 

R' a Me or PdCl(Ph 2 PCH 2 CH 2 PPh 2 ) 



CIO, 


(27) 


cio.,- 


The X-ray structure of [Rh(CO) 2 (/-Pr 2 CH-DAB)][RhCl 2 (CO) 2 ] (see 
Table II) contains a stable Rh-cationic species with a <r,<r-N,N' chelate 
bonded /-Pr 2 CH-DAB ligand (45) in agreement with earlier expectations 
(34, 59, 61). 

Violet RhCl(CO)(jj 2 -C 2 H 4 )(R-DAB) (R = r-Bu and EtMe 2 C) have been 
isolated according to the bridge splitting reactions [see Eq. (28)] or by a 
ligand substitution reaction (see Scheme 2) (61). Extensive 'H and l3 C 
NMR spectroscopic studies revealed a structure for this complex type anal¬ 
ogous to that found for PtCl 2 (»j 2 -olefin)(R-DAB) (Section III,D,2,f): i.e., 
a trigonal bipyramidal array with the <r,<r-N,N' chelate bonded R-DAB 
and the olefin residing in the equatorial plane (61). 


J^RhCllCO) (t; 2 -CjH 4 ) + R-DAB 



RhCl(CO)(T) 2 -C 2 H 4 )(2,4,6-Me 3 py) + R-DAB 


(28) 


RhCl(CO)(»; 2 -C 2 H 4 )(R-DAB) readily loses ethylene thus providing four- 
coordinate RhCl(CO)(R-DAB) (R = f-Bu, EtMe 2 C) in which the R-DAB 
is <r,<r-N,N' bonded (see Scheme 2). The dissymmetry in the square plane 
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was clearly reflected by the anisochronous 'H and ,3 C resonances of the 
two R —N=CH halves (61). 

Addition of another equivalent of R-DAB to Rh 2 Cl 2 (CO) 4 (R-DAB) or 
the bridge splitting reaction of R-DAB with [RhCl(CO)] 2 in hexane re¬ 
sulted in formation of RhCl(CO) 2 (R-DAB) (R = f-Bu, EtMe 2 C) which, 
however, cannot be isolated (61). In solution a trigonal bipyramidal struc¬ 
ture is proposed containing <r,<r-N,N' bonded R-DAB but the geometry of 
this complex could not be conclusively established. 

Spin saturation experiments on mixtures of RhCl(CO)(^ 2 -C 2 H 4 )(R- 
DAB) with R-DAB (involving *H resonances of free and coordinated R- 
DAB) showed that intermolecular exchange of R-DAB occurs (61). The 
RhCl(CO) 2 (R-DAB) species are less stable in solution than in the solid 
state. Exchange reactions for these five coordinate Rh-R-DAB species are 
shown in Scheme 2. 

/ Group VIII; d 10 Metals Ni, Pd , and Pt . In contrast to the relatively 
few metal d 9 species, the complex chemistry of d ]0 metals with R-DAB 
is rather developed. The synthesis of zerovalent Ni complexes has been 
extensively investigated. The most important synthetic routes are given in 
Scheme 3. The synthesis starting from Ni(CO) 4 occurs at elevated tem¬ 
peratures and cannot be used for thermally unstable R-DAB ligands (144). 
Furthermore, these reactions sometimes stop at the stage of Ni(CO) 2 (R- 
DAB) as has been shown for R = /-Pr 2 CH (9, 100). Ni(COD) 2 is a better 


Rh 2 Cl 2 (CO) 4 (R-DAB) 
(7) 


R-DAB 


[RhCl(CO) 2 


CO 


[RhCl(CO). 





RhCl(CO)(R-DAB) 
( 2 ) 


/-CO 


-c 2 h 4 


[RhCl(CO) 2 ( R-DAB)] 
(3) 

'Py 


pr ' CO 

3 RhCl(CO) a (Py) —- RhCl(CO)(C 2 H 4 )(Py) 


— RhCl(CO)(C 2 H 4 )(R-DAB) 

*,// V 

S/R-DAB \ 


DAB 


(5) 


(4) 


Py 


[RhCl(CO)(C 2 H 4 )] 


R-DAB , 

[RhCl(PF 3 ) 2 ] 2 -RhCl(PF 3 ) 2 (R-DAB) 


( 6 ) 

Scheme 2 . Reactions of rhodium(I)-R-DAB [R = /-Bu (la-3a, 6a, 7a) or EtMe 2 C (lb- 
36, 6b, and 7b)] complexes in CHC1 3 or hexane (61). 
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Ligand substitution 


Ni(CO) 4 + 2R-DAB(R', R") 


-4 CO 


-2 CO 


Ni[R-DAB(R', R")1 j 
R = Ph; R', R" = Me ( 144) 


Ni(CO) 2 [R-DAB(R', R")l 
R = t-Pr,CH; R' = R" = H(S, 100) 


Ni(COD), + 2R-DAB(R', R") 


Ni[R-DAB(R', R")] 2 
R = variety of alkyl or aryl groups 
(9, 10, 100) 


Reduction in the presence of R-DAB(R', R") 


NlBr 2 [R-DAB(R\ R")] + R-DAB(R', R") 
+ 2Na 

Ni(Acac), + 2 R-DAB(R', R") + 2Na 

NtBr 2 DME + 2 R-DAB(R', R") + 2Na 

NiBr 2 DME + Na[R-DAB(R', R')] 


RT, THF(S, 10) 


- 2 NaBr 


RT, THF ( 9, 10) 


- 2 NaAcac 


RT, THF (9, 10) 


- 2 NaBr 


- 2 NaBr 



-DME (145) 


Ni[R-DAB(R', R")l 2 


Nt(Acac) 2 + PhjAlOPh + 2R-DAB(R', R")- AJ Q ph -— Ni[R-DAB(R', R)] 2 

r = R' = R” = Ph and R = p-Tol (R' = R” = H); 

R = PH (R' = R" = C e H,OMe-f)) ( 145) 

Scheme 3. Reactions leading to Ni°-R-DAB complexes. 


starting material although also in this case with sterically hindered groups 
(e.g., R = /-Pr 2 CH) substitution beyond the Ni(COD)(R-DAB) stage is 
not possible (9). The preferred method appears to be one of the reductive 
routes shown in Scheme 3 ( 9, 47, 70, 145, 146). Following such a route 
the interesting tetra(organyl)cyclobutadienenickel complex shown in Eq. 
(29) has been synthesized. 
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R = c-Hex, i-Pr; R' = Ph, Me; X = Cl, Br (146) 


A combined ligand substitution-reductive elimination reaction of 
NiEt 2 (2,2'-bipy) complexes in the presence of Ph-DAB(Ph,Ph) resulted in 
formation of Ni[Ph-DAB(Ph,Ph)] 2 (145). The complex Ni[Ph-DAB- 
(Ph,Ph)](PPh 3 ) 2 can be isolated from the 1 :1 reaction of R-DAB with 
Ni(PPh 3 ) 2 (C 2 H 4 ). However, this complex readily undergoes further sub¬ 
stitution of the PPh 3 ligands (70, 73). 

NiX 2 (R-DAB) complexes that are obtained from the 1:1 reaction of 
NiX 2 with R-DAB (47) are good starting materials for zerovalent Ni-R- 
DAB species (see Scheme 3). 

Reaction of NiBr 2 (i-Pr 2 CH-DAB) with o-tolylmagnesium bromide re¬ 
sults (probably via an o-tolylnickel intermediate from which toluene is 
eliminated) in formation of a new Ni—C bond (Eq. 30) (47, 147). 



(30) 


In the o-tolylnickel intermediate one of the CH 3 groups of the i-Pr 2 CH 
substituent in the <t,<t-N,N' bonded /-Pr 2 CH-DAB ligand is brought into 
close proximity with the reactive Ni-o-tolyl bond, thus facilitating the 
intramolecular elimination reaction (147). 

The R-DAB analogs of the NiR 2 (2,2'-bipy) complexes are only stable 
when R is a 2,6-disubstituted aryl group, in particular 2,6-/-Pr 2 C 6 H 3 (148), 
and can be prepared via routes shown in Eq. (31). 


NiBr,(R-DAB) + 2R'MgBr 


EtjO 

-80“C 


NIRj (R-DAB) + 2 MgXBr 


Et a O 


-80 °C 


( 31 ) 


X = Br, Acac 


Nt(Acac), + R-DAB + 2 R'MgBr 
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The lower stability of the NiMe 2 (R-DAB) complexes compared to the 2,2'- 
bipy analogs is ascribed to a destabilization of the Ni—C bond brought 
about by a distortion from the square planar geometry as a result of steric 
interaction of the Me groups and the bulky R substituents (148). However, 
electronic factors may also contribute to a destabilization of the NiR 2 (R- 
DAB) complexes. 

Selective reduction of NiBr 2 (/-Pr 2 CH-DAB) with sodium in ether affords 
the Ni 1 dimer [NiBr(i-Pr 2 CH-DAB)] 2 (47). Three further routes to this 
product are available as shown in Scheme 4. 

X-Ray structure determinations of Ni(R-DAB) 2 [R = c-Hex (9) and 
2,6-Me 2 C 6 H 3 (/0)] (see Table II) have been carried out and revealed struc¬ 
tures containing cr,a- N,N' bonded R-DAB ligands. However, the structures 
differ with respect to the angle between the two chelate rings. For the 
compound with R = c-Hex this angle is 88.3° whereas a value of 44.5° 
is found for R = 2,6-Me 2 C 6 H 3 . This difference has been explained on the 
basis of the tendency of Ni to favor a planar diamagnetic (i.e., a formally 
Ni 11 ) arrangement with 1,4-heterodienes which leads for the sterically 
smaller 2,6-Me 2 C 6 H 3 groupings to an intermediate square planar-tetra¬ 
hedral arrangement. In this respect it is interesting that isoelectronic 
Ni[(3,5-Me 2 C 6 H 3 ) 2 N 4 ] 2 has a corresponding angle 6 of 90°. Since the 
tetraazadiene ligand is an even better 7r-electron acceptor than the dia- 
zabutadiene ligand (75, 148a) this suggests that other factors may be 
operative. Both structures are shown in Fig. 6. 

An attempt has been made to classify the Ni(R-DAB) 2 complexes with 
various R groups according to the formal oxidation state on the Ni center 
by ESCA spectroscopy (149). However, the Ni (Ip 3/2) data do not appear 
to provide reliable information, in contrast to the Pt (4/ 7/2) data for 



R = t-Pr 2 CH 


Scheme 4. Routes to [Ni 1 Br(R-DAB)] 2 (47). 
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Fig. 6. Structure (a) of isoelectronic nickel-R-DAB (9, 10) and (b) nickeltetraazadiene 
{148a) complexes; 6 is the angle between the chelate planes. 


which such classification in ranges for Pt°, Pt 11 , and Pt IV seems meaningful 
(1501 

The structure of [NiBr(/-Pr 2 CH-DAB)] 2 has been established by an X- 
ray diffraction study (see Table II and Scheme 4). 

The structures of Ni(CO) 2 (R-DAB) complexes can be deduced from the 
crystal structure of a corresponding diacetyl(bis-dimethylhydrazon)nickel 
complex which is shown in Fig. 7 (46), Apart from the tetrahedral geometry 
around Ni and the bonded a-diimine ligand this structure shows 

the influence of the methyl substituents on the imino-C atoms on the ro- 


Me 

V 

/ 

Me 


Me 

\ 

C- 

// 

'\/ 

Ni 

J\ 

9 c 
o x 


Me 


/ 

V 


,Me 


•N 


\ 


Me 


Fig. 7. Molecular geometry of Ni(CO) 2 [Me 2 N-l)AB(Me.Me)]j (46). 
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tamer conformation of the Me 2 N groups (both methyl groups of the Me 2 N 
grouping being directed away). 

Zerovalent complexes of palladium containing <r,<r-N,N' bonded R-DAB 
have been obtained by the simultaneous reaction of activated olefins and 
a R-DAB ligand with Pd 3 (TTAA) 3 [cf. (5#)] as the preferred source of 
Pd° [Eq. (32)]. 


iPd 3 (TTAA) 3 + olefin 4- r-Bu-DAB > Pd(T} 2 -olefin)(/-Bu-DAB) 
olefin = e.g., Dmf 


(32a) 


Stable combinations of the »j 2 -olefin and R-DAB ligands are formed with 
strong (r-donating R groups and a strong x-electron density accepting 
olefin (58). 

Pt(COD) 2 reacts with R-DAB to give tetrahedral Pt(COD)-(R-DAB) 
(151) complexes that are strikingly similar to the Pt(COD)(R 2 N 4 ) (R 2 N 4 
= arylN=N—N=Naryl) complexes for which ESCA measurements in¬ 
dicate a Pt 11 formal oxidation state (150). However, l3 C NMR measure¬ 
ments reveal ‘/(Pt—C) values comparable with those of Pt(COD)(R- 
DAB) and other known zerovalent platinum cyclooctadiene complexes 
(150, 151). 

Divalent Pd- and Pt-R-DAB complexes with <r,«r-N,N' bonded R-DAB 
ligands have been reported for the (l,4-diaza-3-methyl-l,3-butadien-2- 
yl)palladium(II) ligands as shown below (60). 


R 

M ;:C- 

Ph »% d -V v 

CV' "Cl ^ 

R = C e H 4 OMe-/>; M = Pt, Pd 


,Me 

"Me 


Cis- MC1 2 (R-DAB) can exclusively be obtained for M = Pd starting from 
/ra/jj-MCl 2 (PhCN) 2 with R-DAB (R = r-Bu, EtMe 2 C) (29). The corre¬ 
sponding Pt compounds are accessible via olefin dissociation from the five- 
coordinate PtCl 2 (»j 2 -olefin)(R-DAB) complexes (29) that can be obtained 
according to Eq. (32) (48). 


K[PtCl 3 (r; 2 -olefin)] + R-DAB 



A 

-olefin 


X / N ^ 

> 

x 

k 


(32b) 


R= /-Bu, EtMe 2 C, i-Pr 
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l H and l3 C NMR measurements confirmed the five-coordinate structure 
for these compounds which is schematically shown in Eq. (32b). When 
styrene is the ^-coordinated olefin, the ground state structure in the solid 
state (see Table II) established that the C=C skeleton is in the trigonal 
plane ( 48 , 56). This in-plane conformation is a reflection of the stabilizing 
metal back bonding capability of the olefin on the o\(r-N,N' chelate bonding 
mode. Complexes containing a phosphine instead of an 7? 2 -olefin undergo 
(t-N «=* o'-N' fluxional processes (see Fig. 3) in which the five-coordinate 
situation is an intermediate or transition state ( 30 , 55). 

Stabilization of Pt-olefin and Pt-alkyne bonds due to effective back 
bonding from the metal to empty 7r* orbitals of the unsaturated hydro¬ 
carbon in electron-rich five-coordinate complexes have been demonstrated 
in a number of cases: e.g., PtCl 2 (t? 2 -C 2 H 4 )[Ph(Me)N-DAB(Me,Me)] 
(49, 152) PtMeCl(7/ 2 -RC=CR)(2,2'-bipy) (755), PtCl 2 (7 7 2 -C 2 H 4 )[(RN- 
(H)CH 2 ) 2 ] (48, 153a) and PtCl 2 (7 ? 2 -C 2 H 4 )(2-RN=C(H)py) (154). 

The structural aspects and reactivity of the five-coordinate PtX 2 (7j 2 -ole- 
fin)(R-DAB) and analogous RhX(CO)(*? 2 -C 2 H 4 )(R-DAB) complexes have 
been studied in detail since they represent model compounds for the five- 
coordinate intermediates (activated complexes) found in ligand displace¬ 
ment reactions from four-coordinate complexes: i.e., /ra/25-MX 2 A(?? 2 -ole- 
fin) + B trans-MX 2 B(ii 2 -o\efin) + A ( 48 , 755). Moreover, the barrier 
to rotation of the olefin around the olefin-Pt axis in PtX 2 (7/ 2 -olefin)(R- 
DAB) was studied (48) and found to be similar to that observed in square 
planar Pt-olefin complexes. This has been attributed to the planarity of 
the five-membered chelate ring, which lowers the barrier for bending of 
the Cl atoms toward the R-DAB ligand when the olefin passes through an 
upright conformation (see Fig. 8). It is interesting that the above-mentioned 
Pt°(COD)(R-DAB) and Pt°(7? 2 -olefin)(R-DAB) complexes, which lack the 
two axial ligands, have the same stereochemistry in the trigonal plane as 
has been found for the five-coordinate Pt 11 and Rh 1 complexes. 


ci 



• pt 

Fig. 8. Bending back of the Cl atoms in the TBP structure of PtCl 2 (T? 2 -olefin)(R-DAB) 
when the olefin passes the upright conformation during the rotation process (48). 
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In PtCl 2 (r/ 2 -olefin)(6-R'-py-2-CH = NR) the N-coordination sites of the 
bidentate ligand are dissimilar (154). Owing to the resulting asymmetry 
in the equatorial plane of the trigonal bipyramidal structure of these com¬ 
plexes it was possible to use l3 C NMR spectroscopy to establish the ground 
state structure with an in-plane C=C olefinic moiety. Furthermore, it was 
shown that changing the 6-H for a 6-Me group introduced a considerable 
increase of the steric constraints in the equatorial plane. This can explain 
the increased stability of the 6-Me complexes with respect to Pt-olefin 
bond dissociation: a process that would afford c/$-PtCl 2 (6-R'-py-2- 
CH=NR). In the latter square planar complex the 6-R' substituent comes 
much closer to one of the cis-Cl groups (154). 

Finally, the above observations were confirmed by studying the J5 N la¬ 
beled compounds PtCl 2 (r/ 2 -styrene)(f-Bu-DAB- ,5 N 2 ) (35). 

An important aspect of these five-coordinate PtX 2 (r/ 2 -olefin)(R-DAB) 
complexes is that the axial halogen atoms as well as the equatorial tj 2 -olefin 
(e.g., C 2 H 4 ) and er,er-N,N' chelate bonded R-DAB ligands can be replaced 
with retention of the trigonal bipyramidal structure (see Scheme 5) (755, 
756). Halogen exchange is initiated by formation of an ionic intermediate 
[PtX(r/ 2 -C 2 H 4 )(R-DAB)]X. The reversible exchange of the equatorial li¬ 
gands with olefins, R-DAB, or 1,2-diaminoethane ligands is proposed to 
proceed via five-coordinate intermediates containing a cr-N monodentate 
bonded R-DAB or 1,2-diaminoethane ligand (755, 756) (see Fig. 9). 

It was argued on the basis of stereochemical and electronic grounds that 
the R-DAB and 1,2-diaminoethane ligands are better suited to this 
reversible cr-N <=* er,er-N,N' bonding than py-2-CH = NR or 2,2- 
bipyridine (756). 


PtCl 2 (rj 2 - C 2 H 4 )(2,4,6-Me 3 py) 


R-DAB 


2,4,6-Me 3 py 

(fast) 


PtCl 2 (77 2 -C 2 H 4 )(R-DAB) 


R-Diam 


R-DAB 

(fast 


[PtCl 2 (T7 2 -C 2 H 4 )(py-2-CH=NR)] « « PtCl 2 (77 2 ~C 2 H 4 )(R-Diam) 


Bipy 


-(py-2-CH=NR) 

(slow) 


-(R-Diam) 

(fast) 


_ pj j 

PtCl 2 (i} 2 - C 2 H 4 ) (Bipy) -—^-► PtCl 2 (Bipy) 2 

(fast) 


Scheme 5. Ligand substitution in five-coordinate platinum(II) complexes [R-Diam is 
RN(H)CH 2 CH 2 N(H)R] (/5<5). 
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R 


Fig. 9. Mechanism proposed for olefin exchange in PtCl 2 (V-o^fin)L 2 complexes. Similar 
intermediates are proposed for the bidentate N-donor ligand exchange: replace in the figure 
ol' by L 2 for the incoming ligand and ol by R-DAB as leaving group (156). 


g. Groups IB and IIB. Reactions of copper(I) halides with R-DAB(R',R") 
(R = /-Bu, c-Hex, C 6 H 4 Y-/> with Y = H, OH, NMe 2 , or Me; R' = R" 
= H or Me) afford highly colored monomeric (in nitrobenzene) CuX[R- 
DAB(R',R")] complexes. It has been put forward that the trigonal coor¬ 
dination at copper is reflected in spectroscopic measurements (74). A UV- 
visible spectroscopic study using various solvents showed that for these 
complexes the typical solvatochromic behavior and high intensity of the 
long-wavelength absorption (MLCT band) found for Mo° (see Section 
III,D,2,b) is absent. This is explained by extensive participation of metal 
d and ligand x* orbitals in the ground state, which removes the typical 
CT character in the case of Cu 1 (74). 

Later the reaction of copper(I) perchlorate with /-Bu-DAB in acetonitrile 
was studied (157). It was shown that in this solvent the reaction proceeds 
in two steps involving first formation of Cu(t-Bu-DAB) + (in which the Cu + 
center is probably further coordinated by two MeCN ligands) and in the 
second a four-coordinate species Cu(t-Bu-DAB) 2 . On the basis of a com¬ 
parison of the optical spectra, Zelewsky et al. suggest that the above-men¬ 
tioned CuX(R-DAB) complexes can be better formulated as being 
[CuX 2 ][Cu(R-DAB) 2 ] species (757). 

The CuX(R-DAB) complexes have been used in reactions directed to 
formation of pure K(R-DAB) (see Section V). 

Reaction of tetranuclear Cu 4 (C 6 H 4 Me-/>) 4 (158) with /-Bu-DAB af¬ 
forded a stable red-colored complex with Cu 3 (C 6 H 4 Me-p) 3 (/-Bu-DAB) 
stoichiometry, the structure of which is under study (159). In contrast, 
reaction of Cu 2 Li 2 (C 6 H 4 Me-/?) 4 (Et 2 0) 2 (160) with /-Bu-DAB forms at low 
temperature a Cu 2 Li 2 (C 6 H 4 Me-/?) 4 (/-Bu-DAB) 2 complex that decomposes 
at room temperature into a variety of products (759). 



Metal-1,4-diaza-l ,3-butadiene Chemistry 


193 


So far R-DAB complexes of Ag 1 and Au 1 or Au in have not been reported. 
That a-diimine and also R-DAB complexes for these metals are feasible 
is indicated by the stable tetrahedral cations formed with 6-R'-py-2- 
CH=NR ligands [see Eq. (33)] (161). 


AgO a SCF 3 



R' = Me, H; R = t-Bu , (S)-C(H)MePh 



O s SCF s " 


(33) 


The stereochemistry of these complexes in methanol solutions has been 
studied by 109 Ag INEPT NMR spectroscopy (161a) and ,5 N NMR of ,5 N 
labeled complexes (161, 161a). 

A series of MX 2 (R-DAB) complexes where M is Zn, Hg, and Cd have 
been prepared [see Eq. (8)] containing a,c r-N,N' chelate bonded R-DAB 
(R = Ph and the central C—C bond is part of a camphor skeleton (162) 
or R = c-Hex, p- MeOC 6 H 4 , f-Bu (62). 

The radical complexes [M(R-DAB)]X (M = Zn, Mg, Ca) will be dis¬ 
cussed in Section V. 

Organozinc complexes show a remarkable variance in stability. Whereas 
Zn(C 6 H 4 Me-/>) 2 (f-Bu-DAB) is stable up to 130°C, ZnEt 2 (/-Bu-DAB) is 
stable only below — 50°C and above this temperature a selective ethyl 
transfer from Zn to N occurs [see Section V and VI,B (e.g., Fig. 23)] (dS). 


E. Complexes Containing Bridging o-N,p 2 -N\rf-C— N f (6e) 

Bonded 1,4-Diaza-1,3-butadiene Ligands 

There are relatively few examples of compounds containing the R-DAB 
ligand bonded in a a-N,/i 2 -N',*7 2 -C=N' (6e) fashion. Friihauf et al. (30) 
reported the first examples of such a bonding mode for a number of com¬ 
pounds Fe 2 (CO) 6 (R-DAB). The structure of Fe 2 (CO) 6 (f-Bu-DAB) shows 
that two electrons donated by one a -N bonded N=C group [1.260(5) A] 
and four electrons via the other N=C group [1.397(4) A] that bridges the 
two Fe atoms. Formally the last N=C group donates two electrons through 
the bridging N atom and two electrons by ^-bonding to one Fe center 
(30) (see Fig. 10 and Table II). It has now been shown on the basis of 
crystallographic and/or spectroscopic evidence that this 6e-donor mode of 
R-DAB, which is then always in the E-s-cis-E conformation, exists for 
Fe 2 (CO) 6 (R-DAB) [R = t-Bu (30, 50, 112, 163), c-Hex (30, 163), i -Pr 
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Fig. 10. Schematic structure of M 2 (CO) 6 (/-Bu-DAB) (30). (•) Fe, Ru, Os. 


(7/2, 163)1 Ru 2 (CO) 6 (R-DAB) [R = /-Bu (50, 772, 163), c -Hex (50, 
163), i-Pr (50, 7 72, 765)], and Os 2 (CO) 6 (R-DAB) [R = /-Bu, /-Pr (7 72)]. 

An analogous structure has been reported for Fe 2 (CO) 6 [PhCH- 
(Me)NC(H)C(OEt)=0] (164) (Fig. 11). The A-a-methylbenzyl imi- 
noacetate donates two electrons via the O-atom [C=0 = 1.326(8) A] and 
four electrons via the C = N moiety [1.417(7) A]. The Fe'—C, Fe'—N, and 
C—C bond lengths are 2.055(6), 1.927(5), and 1.435(10) A, respectively. 
These data together with the Fe—Fe bond lengths of 2.551(1) A are very 
similar indeed to those of Fe 2 (CO) 6 (c-Hex-DAB) (Table II) (50). Mixed 
complexes MM'(CO) 6 -(R-DAB) have been obtained for M = Fe and M' 
= Ru [prepared by the reaction of Fe(CO) 3 (/-Bu-DAB) with Ru 3 (CO)i 2 
in a three to one molar ratio (765)] and for M = Mn, Re and M' = Co 
with R = /-Bu, /-Pr, and c-Hex (57). Binuclear ruthenium complexes 
Ru 2 (CO) 4 (R-DAB) 2 containing two a-N,M 2 -N',r? 2 -C = N' (6e) bonded R- 



Fig. 11. Schematic structure of Fe 2 (C0) 6 [PhCH(Me)NCHC(0Et)=0] ( 164 ). 
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DAB groups [R = /-Pr, oHex, p-To\ (50, 163)] bridging a nonbonded Ru 2 
pair have been reported. The a-N,/i 2 -N',i/ 2 -C~N' bonding mode has also 
been realized for asymmetric R-DAB (H,Me) groups e.g., in Fe 2 (CO) 6 (R- 
DAB)(H,Me) (50, 163), Ru 2 (CO) 6 (R-DAB)(H,Me) (50, 163) and 
MnCo(CO) 6 (R-DAB)(H,Me) (57, 163). 

A common feature of all these compounds is that the C=N group, which 
is ^-bonded to the metal atom, carries a H atom on the imino-C atom. 
It has not been possible as yet, except for one compound, to bind R-DAB 
ligands containing two Me groups on the imino-C atoms in a 6e-bonding 
mode. The single exception is MnCo(CO) 6 (oPr-DAB)(Me,Me) (57). The 
methyl group clearly destabilizes t^-C^N bonding as is also indicated by 
the fact that this 6e R-DAB compound is the only fluxional one. At ambient 
temperatures the two (Me)C=N groups exchange their points of attach¬ 
ment intramolecularly (Fig. 12). This movement, which probably proceeds 
via an intermediate containing the c-Pr-DAB(Me,Me) group cr,(r-N,N' (4e) 
chelated to Mn, suggests that metal-?/ 2 -C=N bonding is here less strong 
than for the ?j 2 -HC : =N bonded groups. 

Typical of the cr-N,/i 2 -N',7/ 2 -C = N' (6e) bonding mode is the bond length¬ 
ening of the tj 2 -C=N bonded imine group to about 1.40 A, this is appre¬ 
ciably longer than the cr-N coordinated N=C group (about 1.28 A). In 
Table II various relevant details are given for Fe 2 (CO) 6 (f-Bu-DAB) (50). 
MnCo(CO) 6 (/-Bu-DAB) (57) and Ru 2 (CO) 4 (/-Pr-DAB) 2 (50). Further¬ 
more, the *H and 13 C NMR chemical shifts of the ?? 2 -bonded N=C lie at 
much higher fields than the signals of the cr-N bonded N=C group (Table 
V). These crystallographic and NMR aspects, returned to later in Section 
IV.B, clearly indicate intensive 7r-back donation into the 7 t*-N=C levels 
and negative charge density increase on the ?? 2 -N=C(H) bonded groups. 

An outline of the preparations of the various types of 6e R-DAB com¬ 
plexes now completes this Section with the mechanistic aspects being dis¬ 
cussed in detail in Section IV, A. 

In the first preparation such a complex was reported by Friihauf et al . 
(30) and involved the reaction of Fe(CO) 3 (R-DAB) with Fe(CO) 5 or 
Fe 2 (CO) 9 (707) (Eq. 34): 


Fe(COUDAB) + Fe(CO) s 


-CO 


hv 


Fe a (CO) e (DAB) 
f 

- Fe(CO)ji/li m idazollnone 


( 34 ) 


Fe(CO) 3 (DAB) + Fe z (CO) e 
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A \ 



Fig. 12. Proposed route showing the fluxional behavior of MnCo(CO) 6 [e-Pr-DAB- 
(Me.Me)] (5/). 

The mixed complex containing an Fe—Ru bond was prepared similarly 
(165) [Eq. (35)]: 

Fe(CO) 3 (DAB) + 'ARu 3 (CO) l2 — FeRu(CO) 6 (DAB) + CO (35) 

The preparation of Ru 2 (CO) 6 (R-DAB) (R = i-Pr, f-Bu, c-Hex) involves 
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TABLE V 

Relevant 'H and 13 C NMR Parameters of U-N,m 2 -N',tj 2 -c=N'; 6e) Bonded R-DAB 
Groups in Complexes [M 2 (CO) 6 (R-DAB)J and [Ru 2 (CO) 4 (R-DAB) 2 ] a * 


Complex 

Amino 'H 
(J ^ 2 Hz) 

Imino l H 

Amino l3 C 

Imino l3 C 

Fe 2 (CO) 6 (/-Bu-DAB) 

3.33 

7.63 

60.1 

175.1 

Ru 2 (CO) 6 (r-Bu-DAB) 

3.41 

7.79 

56.3 

173.5 

Os 2 (CO) 6 (/-Bu-DAB) 

4.06 

8.12 

49.3 

176.1 

MnCo(CO) 6 (/-Bu-DAB) 

4.76 

7.89 

74.4 

171.3 

ReCo(CO) 6 (/-Bu-DAB) 

5.48 

8.06 

75.5 

172.4 

Fe 2 (CO) 6 (/-Pr-DAB) 

3.30 

7.52 

58.9 

173.3 

Ru 2 (CO) 6 (/-Pr-DAB) 

3.24 

7.70 

— 

— 

Os 2 (CO) 6 (i-Pr-DAB) 

3.98 

8.17 


— 

MnCo(CO) 6 (/-Pr-DAB) 

4.85 

7.79 

75.8 

170.5 

Ru 2 (CO) 4 (/-Pr-DAB) 2 

4.08 

8.23, 8.25 

63.8 

172.1 

Fe 2 (CO) 6 (r-Hex-DAB) 

— 

— 

63.7 

173.6 

Ru 2 (CO) 6 (c-Hex-DAB) 

3.27 

7.74 

61.5 

173.5 

MnCo(CO) 6 (c-Hex-DAB) 

4.84 

7.80 

76.6 

170.7 

ReCo(CO) 6 (c-Hex-DAB) 

5.54 

7.97 

78.6 

173.6 

Ru 2 (CO) 4 (c-Hex-DAB) 2 

4.31 

8.43 

__ 

— 

M n Co( CO ) 6 ( c-P r- D A B) 

4.88 

7.65 

79.6 

172.1 

MnCo(CO) 6 [c-Pr-DAB(Me, Me)] 

— 

— 

96.7 

186.5 


From Refs. 50 , 51 , 112 , and 163. 
b Ppm from TMS (6) in CDC1 3 . 


the treatment of Ru 3 (CO) 12 with R-DAB and a similar reaction (92) was 
used for Os 2 (CO) 6 (R-DAB) ( 50 , 112) [Eq. (36)]. 

M = Ru, Os 

2 /3M 3 (CO) l2 + R-DAB-♦ M 2 (CO) 6 (DAB) + 2CO (36) 

Finally, the formation of MnCo(CO) 6 (R-DAB) proceeds via two steps. 
The first step involves a nucleophilic substitution of Br" in MnBr(CO) 3 (R- 
DAB) by Co(CO)^ to form the Mn—Co bonded MnCo(CO) 7 (R-DAB), 
which contains an R-DAB <r,(r-N,N' (4e) bonded to Mn. Subsequently 
there occurs an intramolecular substitution of one cobalt CO group by one 
HC=N group which then becomes rj 2 ~C— N bonded to Co (51) [Eqs. (37a) 
and (37b)]. 

MnBr(CO) 3 ( R-DAB) + Co(CO) 4 - — MnCo(CO) 7 (R-DAB) + Br (37a) 

MnCo(CO) 7 (R-DAB) ^ MnCo(CO) 6 (R-DAB) + CO (37b) 
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Fig. 13. Reaction to give MnCo(CO) 6 (R-DAB) {87). 


This two step reaction (87) is shown in Fig. 13. Of interest is that in the 
final product one CO group is semibridging, as indicated by the structure 
determination of MnCo(CO) 6 (/-Bu-DAB) and suggested by the KCO) 
(1880-2000 cm -1 ) (Table VI), being in the range between terminal and 
bridging CO groups. 
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TABLE VI 


KCO) Stretching Frequencies of M 2 (CO) 6 (R-DAB) 0 * 


Complex 


KCO) 

(cm 1 ) 


Fe 2 (CO) 6 (r-Bu-DAB) 

2053, 2003, 

1981, 1969, 1945 


Ru 2 (CO) 6 (/-Bu-DAB) 

2069, 2030, 

1994, 1983, 1961 


Os 2 (CO)„(/-Bu-DAB) 

2067, 2026, 

1987, 1971, 1953 


Fe 2 (CO) 6 (/-Pr-DAB) 

2057, 2005, 

1987, 1975, 1945 


Ru 2 (CO) 6 (/-Pr-DAB) 

2067, 2025, 

1999, 1988, 1961 


Os 2 ( CO ) 6 ( /-Pr- D A B) 

2069, 2028, 

1990, 1974, 1955 


MnCo(CO) t (/-Bu-DAB) 

2047, 2006, 

1986, 1935, 

1894" 

ReCo(CO) 6 (/-Bu-DAB) 

2049, 2013, 

1989, 1937, 1932, 

1876" 

MnCo(CO) 6 (/-Pr-DAB) 

2050, 2009, 

1989, 1943, 1937, 1898 f 


"From Refs. 51 and 112. 
h In n- pentane. 

‘ Semibridging CO. 


F. Complexes Containing Bridging t\ 2 -C— N,t] 2 -C— N' (Be) 

Bonded 1,4-Diaza-1,3-butadiene Ligands 

Very recently examples of complexes in which the R-DAB ligand func¬ 
tions as a <7-N,<x-NV-C=NU 2 -C=N' (8e) donor ligand have come to 
light. Firm crystallographic evidence was provided by the structures of 
Ru 4 (CO) 8 (/-Pr-DAB) 2 (31, 52) (Fig. 14a) and of Ru 2 (CO) 4 (m 2 -HC 2 H)(/- 
Pr-DAB) (31, 33, 166) (Fig. 14b) and of Mn 2 (CO) 6 [Me-DAB(Me,Me)] 
(5J) (Fig. 15). The relevant ! H NMR shifts are shown in Table VII. The 



Oe_ 




(b) 


Fig. 14. Schematic structures (a) of Ru 4 (CO) 8 (/-Pr-DAB) 2 (52) and (b) of Ru 2 (CO) 4 (/* 2 - 
HC 2 H) (/-Pr-DAB) (166). 
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Fig. 15. Schematic structure of Mn 2 (CO) 6 [Me-DAB(Me,Me)] (55). 


overall reactions, which will be more extensively discussed in Section IV,A, 
are shown in Eqs. (38) and (39). 

N2 

2Ru 2 (CO) 6 (R-DAB) — Ru 4 (CO),(R-DAB) 2 + 4CO R = i-Pr, c-Hex (38) 

HC 2 H . . 

Ru 2 (CO) 6 (R-DAB)-* Ru 2 (CO) 4 (m 2 -HC 2 H)(R-DAB) + 2CO R = i- Pr, c-Hex (39) 

To prepare the manganese compound Mn 2 (CO) 6 [Me-DAB(Me,Me)] an 
unusual reaction was used involving the treatment of Mn(CO) 4 (CNMe)“ 
with Mel and the resultant yield was low (7%) (53). The diimine is formed 
on the metal atom(s) by C—C coupling of the isonitrile units and by 
addition of methyl groups (53). 


TABLE VII 

Relevant 'H NMR Parameters of (ff-N,(r-N\»j 2 -C=N,»j 2 -C=N'; 8e) 
Bonded R-DAB Ligands"* 


Complex 

i7 2 -HC=N 

5'H 

m 2 -HC 2 H 

R u 4 ( CO ) 8 ( /-Pr- DA B) 2 

6.56 


Ru 4 (CO)„(oHex-DAB) 2 

6.49 


Ru 4 (CO),(/-Bu-DAB) 2 

6.21 


Ru 4 (CO)g(n-Pent-DAB) 2 

5.99, 6.20 


Ruj(CO) 8 (/-Bu-DAB) 

5.86 


Ruj(CO) s (/i-Pem-DAB) 

5.89 


Ru 2 (CO) 4 (/i 2 -HC 2 H)(i'-Bu-DAB) 

6.16 

7.50 8.22 

Ru 2 (CO) 4 (/i 2 -HC 2 H)(c-Hex-DAB) 

6.22 

7.49 8.28 


From Refs. 33 and 52. 
In toluene-<y 8 at RT. 
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The structural features of all three compounds clearly involve the pres¬ 
ence of 8e-bonded R-DAB ligands (Table II). The N=C bond lengths 
(between 1.39 and 1.45 A) indicate an appreciable bond lengthening of 
the C=N bonds in analogy to the ?? 2 -C=N bonded imine groups of a - 
N,ji 2 -N',? 7 2 -C=N' linked R-DAB groups. Meanwhile there is shortening 
of the central C—C bond of the R-DAB group (1.40-1.42 A). While the 
diimine is symmetrically bonded in Mn 2 (CO) 6 [Me-DAB(Me,Me)], there 
appears to be some asymmetry in the two Ru complexes, since the N=C 
bond lengths differ (Table II). Interesting is the bonding in Ru 4 (CO) 8 (f- 
Pr-DAB) 2 in which one of the Ru atoms does not possess CO groups, but 
is exclusively bon ded to the 7r system of the two five-membered 
Ru N—C C—N chelate rings resembling therefore a M(C 5 H 5 ) 2 com¬ 
plex (52). The compl ex has a butterfly structure, which makes the two 
imino halves of each M—N=C—C=N skeleton nonequivalent. This was 
indeed confirmed by *H NMR at low temperatures of the imino *H signals. 
At higher temperatures these signals coalesce due to a flying movement 
of this butterfly (52). 

In Ru 2 (CO) 4 (^ 2 -HC 2 H)(/-Pr-DAB) one of the Ru atoms is coordinated 
to the 7r system of one Ru—N=C—C=N ring (Fig. 14b) (52). A similar 
situation is encountered in the manganese compound (53) that is iso- 
electronic and isostructural with Fe 2 (CO) 6 [C(R)=C(R)—C(R)=C(R)] 
(167-170). 

In the iron co mplex one of the Fe atoms is linked to the 7r system of the 
C 4 part of the Fe—C=C—C=t ring. Furthermore, the iron compound 
contains a semibridging carbonyl group in order to relieve the charge sep¬ 
aration in the complex caused by the Fe —* Fe donor bond. Although such 
a donor bond is not strictly necessary the manganese compound (53) in¬ 
dicated structural features not in disagreement with the presence of a 
semibridging CO group. 

Recently a very interesting structure was found for Ru 3 (CO) 9 (c-Hex- 
DAB) isolated as a probable intermediate in the preparation of Ru 2 (CO) 6 (c- 
Hex-DAB) (77). 

The structural features are shown in Fig. 16a. On the basis of simple 
electron counting one would expect the R-DAB ligand to be bonded as a 
ff-N,/i 2 -N',7? 2 -C=N' (6e) bonded group in the way shown in Fig. 16b with 
two CO groups on the Ru atom with the ^ 2 -N bonded imine group and 
three CO groups on the Ru atom bonded to the tj 2 - C = N unit. However, 
this is not the case; instead one observes that, (Fig. 16a) although the 
diimine is clearly asymmetrically bonded, the ligand appears to be bonded 
approximately as an (r-N,o'-N , ,7? 2 -C=N,7/ 2 -C=N / (8e) bonded ligand bridg¬ 
ing a Ru —Ru pair with a Ru —Ru distance of 3.02 A and C=N bond 
lengths of 1.33 and 1.45 A. The bond length of 1.45 A indicates extensive 
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Ru 3 (CO) g (DAB) R.c-Hex 




Fig. 16. Structural features of Ru,(CO),(r-Hex-DAB), (a) as found by X-ray crystallog¬ 
raphy (17) and (b) as expected on the basis of electron counting. 


back donation into the 7r* C=N orbital. The C=N bond length of 1.33 
A is close to that of the jj 2 -C=N bonded inline group in MnCo(CO) 6 (f- 
Bu-DAB) and the o-N bonded C=N groups found in Ni(R-DAB) 2 (R 
= c-Hex, Xyl) and Mn(f-Bu-DAB) 2 i.e., for electron-rich metal complexes 
containing o,(r-N,N' chelated R-DAB groups (Table II). This length of 
1.33 A is therefore consistent with ir-back bonding to the C=N group, 
though this is, however, not so pronounced as for the other C=N bond. 
Other features are the metal-metal bond lengths, which vary from 3.02 
A for the bridged Ru—Ru pair to 2.96 A and 2.79 A for the other Ru—Ru 
pairs. Note for comparison that the Ru—Ru bond length in Ru 3 (CO) l2 is 
2.854(4) A ( 171 ). 

According to the rules of Wade (172) addition of two electrons to a 
triangular cluster with 48 electrons (i.e., containing the 6e R-DAB ligand) 
should lead to the rupture of one of the three metal-metal bonds. For 
Ru 3 (CO) 9 (R-DAB) it is possible to describe an intermediate type of bond¬ 
ing situation with the R-DAB ligand between a 6e and 8e donor type of 



Metal-1,4-diaza-1,3-butadiene Chemistry 


203 


binding. As a result the LUMO situation on the Ru 3 triangle is sufficiently 
populated to cause the bond lengthening of two Ru 2 pairs as actually ob¬ 
served. 

A point that is not clear is why the R-DAB ligand is not symmetrically 
bonded in an 8 e fashion with relatively short C=N bonds, instead of here 
with one very long one and one relatively short one. Further theoretical 
investigations are currently under way to help answer this question. 

A final point to make here is that Adams (55) has clearly shown, albeit 
by a completely different reaction, that Me-DAB(Me,Me) can bond as an 
a-N,a-N',T? 2 -C=N, 7 / 2 -C=N' ( 8 e) donor ligand. On the other hand it is 
almost impossible to prepare 6 e R-DAB complexes with the ?? 2 -N=C 
bonded imino group having a methyl group on the C atom {vide infra). 
In our view it might therefore be possible to use R-DAB(Me,Me) ligands 
to prepare metal complexes containing 8 e-bonded diimines. 


IV 

STRUCTURAL ASPECTS 


A. The Influence of Steric and Electronic Factors on the Type of 
Products Formed 

It is obvious that factors such as the substituents R and R', the metal 
atom, and the other ligands bonded to the metal atom will influence the 
type of coordination of the R-DAB(R',R) ligands. In the following we shall 
discuss these aspects for various examples. 


1. The Relative Importance of a-N (2e), a-N,a-N ' (4e) and a,a-N,N f 
(4e) Bonding 

The first case in hand is the observation that stable five-coordinate com¬ 
plexes PtCl 2 (T? 2 -olefin)(R-DAB) containing a,a-N,N' chelated R-DAB can 
be prepared in which the N=C—C=N plane is coplanar with the Pt- 77 2 - 
olefin unit (55, 48 , 154-156). However, if the olefin is replaced by PPh 3 , 
for example, a complex is formed of the composition //ww-PtCl 2 (PPh 3 )(R- 
DAB) (29) in which the R-DAB ligand is <r-N (2e) monodentate bonded. 
This latter complex is fluxional by a process that involves an intramolecular 
change of the point of attachment from a-N to a-N' and vice versa via a 
five-coordinate intermediate with a chelate a,a- N,N' R-DAB ligand (see 
Fig. 3). 



204 


G. VAN KOTEN and K. VRIEZE 


The rationalization is that the greater electron-accepting properties of 
the olefin allows more extensive back bonding from the relevant Pt orbitals 
into the 7r* orbital of the olefin than is possible for the phosphine. The 
better 7r-back-bonding ability of the olefin compensates then for the in¬ 
creased charge density if one goes from 2e- to 4e-donation by the R-DAB 
ligand. 

A case in which several species are in equilibrium is presented by the 
five-coordinate complex RhCl(CO) 2 (R-DAB) that in solution is in equi¬ 
librium with free R-DAB, four-coordinate ionic [Rh(CO) 2 (R-DAB)]- 
[RhCl 2 (CO) 2 ], and with the dinuclear [RhCl(CO) 2 ] 2 (R-DAB) complex, 
which contains four-coordinate Rh 1 and a bridging R-DAB ligand in the 
E-s-trans-E conformation (61). In this system the influence of R was stud¬ 
ied extensively. It was found that the five-coordinate compound with a 
<r,<r-N,N' chelated R-DAB ligand is most stable for R containing a triply 
branched C“ (e.g., f-Bu). The stability most probably arises through an 
increased kinetic stability. A similar situation was found for the five-co¬ 
ordinate compounds PtCl 2 (7/ 2 -olefin)(R-DAB) for which the kinetic sta¬ 
bility also increased on going from double to triple branching at C a and 
from single to double branching at (48). 

Further research in the case of the Rh complexes showed that four- 
coordinate complexes with an ionic structure are favored if the imino-C 
atoms carry substituents and furthermore when the R groups on N are 
doubly or singly branched at C a . When C a is triply branched (t-Bu or 
EtMe 2 C) dinuclear complexes of four-coordinate Rh 1 with an a- N,<r-N' 
bridging R-DAB ligand appear to dominate (34). Models show that while 
the /-Bu group interacts strongly with the cis-CO groups of Rh(CO) 2 (/- 
Bu-DAB) + for the dimer one of the methyl groups interacts only slightly 
with the Rh 1 atom (Fig. 17). 



Fig. 17. Steric interactions of the /-Bu substituents in the /-Bu-DAB ligand with the metal 
and the co-ligands; (A) <r-N monodentate /-Bu-DAB and (B) cr,<r-N,N' chelate /-Bu-DAB 
( 61 ). 
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2. The Relative Importance of a t G-N f N ( (4e) versus a-N,n 2 -N , ,7i 2 ‘C=N f 

(6e) and G-N t G-NW-C=N,n 2 -C=N t (8e) Bonding 

In Section III,E we have already discussed the reactions leading to 
MnCo(CO) 6 (R-DAB) and have made the observation that the introduction 
of methyl groups appears to destabilize the 6e type of bonding relative to 
the <r,<r-N,N' (4e) bonding type (51). Only for the very special R substituent 
c-Pr MnCo(CO) 6 [c-Pr-DAB(Me,Me)] was obtained, which at present can¬ 
not be properly explained. One expects that the methyl groups decrease 
the 7r-acceptor capacity of the heteroolefinic bond in analogy to similar 
observations for olefins. If so, it is then not immediately clear why the 8e- 
donor type of bonding can be stabilized as found in the case of 
Mn 2 (CO) 6 [Me-DAB(Me,Me)] (55). In the last case it is, however, clear 
that we have a small methyl group, which is an example of an unbranched 
substituent. Also, ther e is only 7r back bonding from one Mn atom to the 
7r system of the Mn-N=C—C=N ring, while in the 6e case of 
Ru 2 (CO) 6 (R-DAB) the Ru atom has on ly tt back bonding to about half 
of the five-membered Ru—N=C—C=N ring. 

The influence of the R group is further strikingly demonstrated by the 
reactions of Ru 3 (CO) 12 with R-DAB (52). A very tentative reaction scheme 
of the various reaction routes is shown in Scheme 6. 



(d) 


Ru 4 (CO) 8 (R-DAB) 2 + 4 CO 



Ru 2 (CO) 4 (IAE) + CO 


Ru 2 (CO) 4 (R-DAB) 2 


Scheme 6. Reactions of Ru 3 (CO), 2 with R-DAB, (a) for R = Mes, Xyl, (b) for R = /- 
Pr, c-Hex, (c) for R = i-Bu, rt-Pent, (d) for R = i-Pr, oHex (traces for R = i'-Bu, n-Pent), 
and (e) for R = /-Pr, c-Hex [N.B. Ru 2 (CO) 4 (R-DAB )2 for R = Ar is formed directly from 
Ru 3 (CO), 2 ] ( 52 ). 
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The type of product is strongly dependent on the bulkiness of R and in 
particular on the branching at C“ and at C 0 (52). If we assume that in the 
reaction of Ru 3 (CO)i 2 with R-DAB one of the first products will contain 
a ff,(r-N,N' chelated R-DAB group, we may then consider several possi¬ 
bilities. When the R group is doubly branched at C" and at C 0 (e.g., R 
= 2,4,6-Mes; 2,6-Xyl; i-Pr 2 CH) the N=C ir bonds are blocked on both 
sides of the M N=C C=N skeleton, in which the R-DAB ligand is in 
the E-s-cis-E conformation. Therefore, it is impossible for another metal 
atom to reach the ir system of the R-DAB ligand and as a consequence 
Ru(CO) 3 (R-DAB) is the final product if sufficient R-DAB is present (route 
a of Scheme 6). On the other hand, for R = n-Pent or /-Bu, which are 
singly b ranched at C a and doubly branched at O’, the ir system at one side 
of the M —N=C—C=N ring is open and as a result the R-DAB ligand 
may use more coordination sites which then leads to the preferential for¬ 
mation of Ru 3 (CO) 8 (R-DAB) (route c of Scheme 6) in which the diimine 
is bonded as an 8e <t-N,<t-N',»/ 2 -C:=N,tj 2 -C=N' ligand. Indeed, the R-DAB 
ligand in Ru 3 (CO) 8 (R-DAB) appears to act as a symmetrically bonded 
ligand, since the imino H-substituents are equivalent and absorb at 5.86 
and 5.89 ppm for R = f-Bu and n-Pent, respectively (52). These chemical 
shifts lie in the range observed for 8e-bonded R-DAB ligands (see Table 
VII). However, there is evidence that there are two isomers at lower tem¬ 
peratures of which the ratio is temperature dependent. The proposed equi¬ 
librium is shown in Fig. 18. 

When R is doubly branched at C" and singly branched at C 0 (e.g., /-Pr, 
c-Hex, c-Pr, Ar) it was found that Ru 2 (CO) 6 (R-DAB) (6e bonding mode) 
is the favored product (route b of Scheme 6). There is still sufficient room 
for the 8e-bonding mode, as demonstrated by the virtually quantitative 
conversion of Ru 2 (CO) 6 (R-DAB) to Ru 4 (CO) 8 (R-DAB) 2 upon heating 
(33, 52), (see Section III,F and Table II for details). Finally, for R = t- 
Bu, i.e., triply branched at C" there is only room for 6e bonding as indicated 
by the exclusive formation of thermally stable Ru 2 (CO) 6 (R-DAB) (52). 

After having discussed the various products as a function of the steric 
form of R it is of interest to consider in more detail the possible mechanisms 



Fig. 18. The two proposed isomers of Ru 3 (CO) g (R-DAB) {52). 
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occurring in the various routes. Such a discussion is of course highly spec¬ 
ulative, since it is very difficult to study the several chemical steps. 

The first step, i.e., the reaction of Ru 3 (CO)| 2 with R-DAB has been 
studied kinetically by means of HPLC measurements (173). It was shown 
that this reaction with /-Pr-DAB is first order in metal carbonyl and first 
order in R-DAB ligand, while the overall reaction is of order two. The 
reaction with /-Bu-DAB is also of order two, but is much slower than for 
/-Pr-DAB. The rate determining step is the formation of an unstable in¬ 
termediate, which might be Ru 3 (CO) ]] (R-DAB) or more probably 
Ru 3 (CO) 10 (R-DAB). Further kinetic evidence for the following steps could 
not be obtained (173). Of great interest is therefore the formation of 
Ru 3 (CO) 9 (c-Hex-DAB) during the preparation of Ru 2 (CO) 6 (c-Hex-DAB)], 
the structure of which has been discussed in Section III,F. Another look 
at the Ru 3 compound (Fig. 16a), in which the metal cluster has already 
been partially ruptured, shows in fact the coordination of a Ru(CO) 3 (c- 
Hex-DAB) moiety to a Ru 2 (CO) 6 entity. It can be easily seen that move¬ 
ment of one CO from one metal atom to the other and loss of Ru(CO) 3 
would rationalize the formation of Ru 2 (CO) 6 (R-DAB) (route b). On the 
other hand, loss of one CO from Ru 3 (CO) 9 (R-DAB) would just give stable 
Ru 3 (CO) 8 (R-DAB) (route c) (Fig. 18). On present evidence, it seems un¬ 
likely that Ru 2 (CO) 6 (R-DAB) is formed from Ru 3 (CO) 8 (R-DAB), since 
these two species are clearly formed in competing reaction pathways ( 52). 

A completely different possibility is that Ru(CO) 3 (R-DAB) is always 
formed first and, for suitable R, this unstable monomer then reacts with 
Ru 3 (CO) 12 to give Ru 2 (CO) 6 (R-DAB) and Ru 3 (CO) 9 (R-DAB) and there¬ 
after Ru 3 (CO) 8 (R-DAB). Again it should be noted that the species ulti¬ 
mately formed depend on the branching at C“ and at C^ as discussed 
previously. 

In the case of Os 3 (CO) 12 the reactions are much slower than for Ru and 
Os 2 (CO) 6 (R-DAB) could be unambiguously characterized (112). In ad¬ 
dition, Os 3 (CO) 9 (R-DAB) was isolated, and on the basis of its molecular 
formula was suggested to possess a 6e-donor diimine ligand (112), i.e., 
as shown in Fig. 16b. However, a structure analogous to Ru 3 (CO) 9 (c-Hex- 
DAB) (Fig. 16a) might also be possible. 

Also it is worthwhile to note again that Fe 2 (CO) 6 (R-DAB) is prepared 
from Fe(CO) 3 (R-DAB) with Fe 2 (CO) 9 [N.B. Under the reaction condi¬ 
tions employed the same synthesis from Fe(CO) s also proceeds via 
Fe 2 (CO) 9 , see reaction (39) in Section III,D]. This reaction seems rather 
strange, but on closer inspection would become understandable, if 
Fe(CO) 3 (R-DAB) coordinates to Fe 2 (CO)„, with the possible intermediate 
formation of Fe 3 (CO) 9 (R-DAB), after which Fe 2 (CO) 6 (R-DAB) is formed 
through loss of Fe(CO) 3 . Another pathway is the equilibrium shown in 
reaction (40). 
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Fe 2 (CO) 6 (R-DAB) + R-DAB ** 2Fe(CO) 3 (R-DAB) (40) 

This equilibrium lies far to the right in the case of Fe (770, 7 72). In the 
case of Ru a similar equilibrium might exist, as was tentatively suggested 
on the basis of kinetic HPLC measurements (773), but this equilibrium 
lies then far to the left due to the greater M —M bond strength for Ru. 

An unexplained point is the rather astonishing virtually quantitative 
formation of Ru 4 (CO) 8 (R-DAB) 2 from Ru 2 (CO) 6 (R-DAB) (52), which 
points to a relatively simple, kinetically easily available pathway (route d 
of Scheme 6). Bearing in mind the reaction conditions, it seems likely that 
reactive species Ru 2 (CO) 5 (R-DAB) and also Ru 2 (CO) 4 (R-DAB) may be 
formed through successive loss of CO from Ru 2 (CO) 6 (R-DAB). Subse¬ 
quent dimerization to a tetranuclear Ru 4 intermediate compound accom¬ 
panied by migration of CO and of R-DAB may then lead to the formation 
of Ru 4 (CO) 8 (R-DAB) 2 when, as mentioned above, suitable R substituents 
are present. 

3. The Influence of Geometric and Metal-Carbonyl Bond Strength 

Factors on the Formation of a-N.^-N'rf-CN' (6e) Bonding 

Because of the facile formation of MnCo(CO) 6 (R-DAB) (6e) from 
MnCo(CO) 7 (R-DAB) (4e) an attempted was made to prepare similar 
homobinuclear complexes of Mn and Co and the compounds Mn 2 (CO) 8 (R- 
DAB), Co 2 (CO) 6 (R-DAB), Cr 2 (CO) 4 (R-DAB) 2 , and Co 4 (CO) 8 (R-DAB) 2 
were isolated (103, 140). However, they all contain a,a-N,N' chelated R- 
DAB ligands (703, 140) and neither heating nor irradiation led to CO 
substitution by a C—N group of the R-DAB ligand. In the case of 
Co 2 (CO) 6 (R-DAB) this might be due to the fact that the R-DAB 
li gand is in a non interactive position, since the five-membered 
Co—N=C—C=N ring is not perpendicular to but bent away from 
th e Co—Co bon d. In the case of Mn 2 (CO) 8 (R-DAB) the 
Mn-N=C—C=N ring is now in a position perpendicular to the Mn —Mn 
bond. However, intramolecular attack of one C=N i r bond on the 
Mn(CO) 5 unit does not occur, possibly due to the strength of the Mn —CO 
bond. It is clear that more experimental work is needed to understand the 
formation of the 6e-R-DAB bonding mode. 


B. Structural and Fluxional Features 


1. X-Ray Structural Features 

The various structures for the a-N (2e), ff-N,<x-N' (4e), o,a- N,N' (4e), 
(t-N,/x 2 -N , ,77 2 -C=N' (6e), and ff-N,ff-N',7/ 2 -C=N,T7 2 -C=N' (8e) bonded R- 
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DAB complexes have been discussed fairly broadly in the previous sections, 
while relevant details have been given in Table II. 

Some important aspects that interest us here include the conformation 
of the R-DAB ligands and the C=N and C—C bond lengths. In all com¬ 
pounds the N=C—C = N skeleton, whether in the ii-s-trans-is confor¬ 
mation found for the monodentate and bridging situations, or in the E-s- 
cis -E conformation (chelate, 6e-bridging, 8e-bridging) is approximately 
planar. No doubt this is due to the fact that by virtue of this planarity the 
skeleton is better able to use its electron donating and accepting capabilities. 
Furthermore, steric factors also play a role, as has been pointed out before 
for the <t-N monodentate and <r-N,ff-N' bridging conformations. 

In the last two bonding types the N=C and central C—C bond lengths 
are scarcely different. However, this situation changes for the other bonding 
modes. In the case of the <r,<r-N,N' chelate bonding there are small but 
significant differences between the N=C and C—C bond lengths. It is 
clear from Table II that generally speaking the low-valent electron-rich 
metal atoms have longer C=N bond lengths and a shorter C—C bond 
lengths due to population of the LUMO, which is antibonding in C —N 
and bonding in C—C (26). Larger changes, as have already been noted, 
occur in the case of tj 2 -C=N bonding both for 6e- and 8e-bonding types, 
since the central C atoms of the R-DAB skeleton are also directly bonded 
to the metal atom. The tj 2 -C=N bond length is somewhat shorter for 
MnCo(CO) 6 (/-Bu-DAB) [1.358(16) A; 6e] than for Fe 2 (CO) 6 (c-Hex- 
DAB) [1.397(4) A; 6e] and for Ru 2 (CO) 4 (/-Pr-DAB) 2 [1.43(1) A; 6e]. 
This might indicate less ?j 2 -bonding interaction to Co than to Fe or Ru, 
which could change the bonding (formally) from <r-N,ji 2 -N',7j 2 -C=N' to 
ff-N,<r-N',7j 2 -C=N' (see also Section III,E). 

2. NMR Aspects 

Most of the relevant NMR data have been dealt with in Section III but 
some observations should be made here. An important point is always the 
investigation into the correlation of NMR parameters with, e.g., charge 
density on ligands. Such systematic studies have, generally speaking, not 
given much insight since, for example, 'H and certainly 13 C NMR are also 
dependent on other factors (5, 9, 10 , 89 , 120). In the case of diimine 
complexes relatively little systematic work has been carried out, though 
a large number of Ni[R-DAB(R',R")] complexes (R = alkyl or aryl) have 
been studied in detail (9, 10). In general it was found that the *H signals 
of the imine-H substituents (2,3 positions) are downfield with respect to 
the free diimine and these shifts increase when the R groups show increased 
branching at C a (9). However, the interpretation of these results remains 
difficult, since for Ni° complexes an energetically low-lying triplet level 
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may strongly influence the shifts, with the added complication that the 
Ni(R-DAB) 2 complexes may have variable coordination geometries (9, 10). 

Change of the electron configuration of the metal clearly has an influence 
on the l H NMR chemical shifts of the imine-H atoms, as is shown in Table 
VIII for a number of <j,<j-N,N' chelated diimines bonded to metal carbonyl 
fragments. It is clear that there is a high field shift on going to higher 
electronic configuration i.e., from d 6 —> d 1 —> d % —> d 9 . In the case of the 
carbonyl free d 10 complexes Ni(R-DAB) 2 a low field shift is again observed, 
no doubt due partly to an energetically low lying triplet state. Also the 
change in solvent may play a role by specific solvent-solute interactions, 
since the Ni compound (Table VIII) is the only compound in this series 
that was measured in C 6 D 6 . The trend in the high field shift of the carbonyl 
complexes might be due to increasing donation to the R-DAB ligand, 
but one should be particularly careful when comparing different 
geometries (120). 

Much stronger upfield shifts for both the ! H and 13 C resonances of imine- 
H and imine-C atoms, respectively, have been observed for ?j 2 -C=N bonded 
groups. The ’H shifts lie in the range of 3.3 to 5.5 ppm for <t-N,^ 2 -N',? 7 2 - 
C=N' (6e) bonding and in the range of 5.9 to 6.6 ppm for <t-N,<7-N',?7 2 - 
C=N,tj 2 -C=N' (8e) bonding (52, 163 , 166). The smaller shifts for the 8e- 
compared to the 6e- bonding situation might be due to the fact that in the 
first ca se there is only on e metal atom back donating to two C=N groups 
of the M — N=C—C=N ring instead of to one C=N group as for the 6e- 
bonding mode (Table V and Table VII). 

Among the <x-N,/i 2 -N',?; 2 -C=N' bonded R-DAB groups there are some 
interesting but unexplained differences in the Fe column, since the ‘H 
NMR chemical shifts go upfield from Fe to Os, while the corresponding 
l3 C shifts go downfield (163) (Table V). The analogous chemical shifts for 
the MCo(CO) 6 (R-DAB) (M = Mn,Re) (Table V) are downfield from 
these of the complexes of the Fe-triad metals and may be due to the smaller 
metal-rj 2 -C=N interaction for cobalt, as was suggested in Section IV,B,1, 
on the basis of the shorter C=N bond length of MnCo(CO) 6 (/-Bu- 
DAB) (51). 


3. Fluxional Processes Involving Carbonyl Groups 

Fluxional processes connected, e.g., with olefin rotation in metal olefin 
complexes, with intramolecular exchange of <r-N (2e) bonded R-DAB 
groups and with cluster movements taking place for Ru 4 (CO) 8 (R-DAB) 2 
have been discussed in previous sections. Here we shall restrict ourselves 
to CO scrambling processes. 



TABLE VIII 

'H NMR Shifts of Imine H in Various (4e) R-DAB Metal Carbonyl R-DAB Complexes " 6 


RN=CH—CH—NR 

R 

Cr(CO) 4 (R-DAB) 

d 6 

Mn 2 (CO) 8 (R-DAB) 

d 1 

Fe(CO) 3 (R-DAB) 

d % 

Co 2 (CO) 6 (R-DAB) 

d 9 

Ni(R-DAB)/ 

d'° 

/-Pr 

8.22 

8-18 

7.62 

7.84 

8.70 

t -Bu 

8-30 

— 

8.01 

7.88 

9.03 

p-Tol 

8-39 

8.18 

— 

7.83 

9.87 


° From Refs. P, 10 , 140. 
b In CDC1 3 . 

f In benzen e-d 6 (P t 10). 
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Majunke et al (79) discovered by means of stereospecific ,3 CO labeling 
(i.e., one 13 CO cis to the <r,<r-N,N'-chelated R-DAB ligand) that an equi¬ 
librium exists between an axial and equatorial substituted tetracarbonyl. 
This equilibrium is fast on the NMR time scale for R = Ar at room tem¬ 
perature but slow for R = t- Bu. In the case of the aryl groups the AGt 
values for M = Mo increased in the order p-Tol < o-Tol < 2,6-Xyl < 2,4,6- 
tri-/-Pr-C 6 H 2 (79). The interchange process proceeds according to an 
“umbrella mechanism” (79) (C 2v <=* C 4l) ). This is relatively easy for aryl 
groups, since these groups can minimize the steric interaction with the 
equatorial CO groups by turning to a position perpendicular to the 
chelate plane. 

These conformational interchanges have also been studied by Staal et 
al (£3) by means of electronic absorption spectra and resonance Raman 
spectroscopy in solutions or glasses at temperatures below —73°C for com¬ 
pounds M(CO) 4 (R-DAB) (M = Cr, Mo, W; R = r-Bu, c-Hex, w-Pent). It 
appeared that at low temperatures both conformations exist and inter¬ 
change in a temperature dependent equilibrium. 

Intramolecular CO exchange in five-coordinate complexes Fe(CO) 3 (R- 
DAB) have been studied for R = f-Bu and /-Pr by ,3 C NMR. The energy 
barrier for the process, which may be a Berry pseudorotation or a turnstile 
movement, is low, but is higher for /-Bu than for /-Pr, while both have 
lower energy barriers than measured for Fe(CO) 3 (7/ 4 -butadiene) (106). 

Intramolecular CO site exchange processes have also been observed 
for M 2 (CO) 6 (R-DAB) (57, 163). In the case of MnCo(CO) 6 [c-Pr- 
DAB(Me,Me)] the fluxional process involving the change of point of at¬ 
tachment of the R-DAB(Me,Me) ligand from ?; 2 -C=N' to tj 2 -C=N and 
vice versa in the temperature range -40 to +20°C has been discussed in 
Section III,D (57, 163) (Fig. 12). Independently, there is also an intra¬ 
molecular site exchange, between the semibridging carbonyl group and the 
two terminal C a carbonyl groups, which even at -50°C is already fast on 
the NMR time scale. The terminal CO groups on Mn, however, remain 
rigid even at +50°C. Pseudorotational CO site exchange processes occur¬ 
ring at both metal centers have been observed for M 2 (CO) 6 (R-DAB) (M 
= Fe, Ru (763). 

For the Ru 2 (CO) 6 (R-DAB) complexes the intramolecular site exchanges 
on each Ru atom are fast even at low temperatures (-70°C). In the case 
of Fe 2 (CO) 6 (r-Bu-DAB) it could be shown that the CO groups on the Fe 
atom containing the <r-N bonded N=C moiety already exchange locally 
at -50°C. However, the local scrambling of the CO groups on the other 
Fe atom containing the ?/ 2 -C=N bonded unit began on the NMR time 
scale at about room temperature. Obviously <r-N=C and rj 2 -C—N bonding 
types have a strong influence on the energy barriers of the intramolecular 
site exchange. No intermolecular site exchange was observed (763). 
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V 

METAL-1,4-DIAZA-1,3-BUTADIENE RADICALS: ESR 
SPECTROSCOPY AND REACTIVITY 

Like 2,2'-bipyridine (174) the R-DAB ligands can be readily converted 
to stable paramagnetic radical anions by potassium in 1,2-dimethoxyethane 
(175) or THF (176). The radical anion f-Bu-DAB" exists, like the free 
molecule (see Section II,B) in the is-s-trans-is conformation (Fig. 19a) and 
displays a highly resolved ESR spectrum in which the two equivalent l4 N 
nuclei (5.62 G) (/ = 1), the imino hydrogens (4.37 G), the 18 equivalent 
t -Bu hydrogen nuclei (0.15 G) (/ = V 2 ) and the two pairs of l3 C nuclei 
(/ = V 2 ) (176) couple. The absence of any further coupling indicates that 
no association with potassium occurs in solution (175, 176). 

Direct treatment of complexes containing the R-DAB ligand in the E - 
5 -cis-is conformation (i.e., cr,o--N,N' bonded) such as CuCl(z-Bu-DAB) 
(177) or MoBr(T 7 3 -C 3 H 5 )(CO) 2 (/-Bu-DAB) (178) with potassium again 
generates R-DAB" in the f’-j-trans-E’ conformation. However, the radical 
anion of MoBr(T 7 3 -C 3 H 5 )(CO) 2 (/-Bu-DAB) reacts with free /-Bu-DAB to 


t-Bu-DAB 


+ K 
(b) 


t-Bu 



t-Bu 



t-Bu 



t-Bu 

X =Cl,Br,l 076) 


t-Bu 



t-Bu 


K 


,+ + t-Bu-DAB 


-t-Bu-DAB-M 

(a) 


X 


t-Bu 

I 

N \ 

K 


t-Bu 


M=CuCI or MoBr(T) 3 -C 3 H 5 )(CO )2 (175) 

Fig. 19. Reaction (a) of K[M(f-Bu-DAB)] with /-Bu-DAB [M = CuCl or MoBr(V~ 
C 3 H 5 )(CO) 2 ], (b) of potassium with r-Bu-DAB, and (c) of ZnX 2 (X = Cl, Br, I) with K + (R- 
DAB)“. 
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give the (/-Bu-DAB)K complex in which the s -cis conformation of the 
N=C—C=N skeleton is retained and coordination of K + (/ = 3 / 2 ) is re¬ 
flected in the ESR spectrum (775). No evidence was found for conversion 
of the s-trans to j-cis conformation (see Fig. 19) of the radical anionic 
species at temperatures up to +30°C (175) (see Fig. 19a, b). 

The blocked conversion between the j-cis and j-trans conformations has 
been explained (175, 176) by occupation in the radical ion of a molecular 
orbital that has bonding interactions between the central C atoms (see Fig. 
20) and hence an increased barrier to rotation around this central C—C 
bond. However, it is not clear yet to what extent the K—N interaction 
between K + and the s-cis conformer plays a stabilizing role. Reaction of 
/-Bu-DAB" with ZnX 2 affords an ESR spectrum in agreement with ZnX(/- 
Bu-DAB) radical revealing coupling with both the N nuclei (5.6 G), the 
imino hydrogens (5.6 G), and the chlorine nucleus (mean 0.58 G). Even 
using 67 Zn enriched samples the satellites arising from coupling with 67 Zn 
(4.4 G) could be established (176). The zinc atom in ZnX(f-Bu-DAB) is 
stable three-coordinate when X = halide (Fig. 19c). When X = CN or 
NCS, ZnX 2 (*-Bu-DAB)~ is obtained directly (176). Analogous MgX(/- 
Bu-DAB) was not only accessible via the /-Bu-DAB~-MgX 2 route but also 
by reaction of MgCl 2 with /-Bu-DAB in the presence of metallic magnesium 
as the reducing reagent (176). 

Reaction of [/-Bu-DAB]K with EtZnCl formed in quantitative yield the 
corresponding ZnEt(f-Bu-DAB) radical which, however, is in equilibrium 
with its C—C coupled dimer [see Eq. (41)]. 


EtZnCl + [/ -Bu-DAB]" K + 


f-Bu 

"SA f 

KC1 + • Zn—C—CH- 

I 


H a 


'N' 

t-Bu 


■0 


t-Bu 

I 


t-Bu 
I 


^EtZiT 


N rt: 


N 

I 

t-Bu 


N 

*-Bu 


\ 

ZnEt 


(41) 


At low temperatures (< -50°C) the concentration of the radical is too low 
to be detected by ESR, indicating that the equilibrium is shifted completely 
to the side of the dimer. Above -50°C the solution displays a highly 
resolved ESR spectrum (a N 4.87, a Ha 5.87, a H e 0.48 G), indicating a com- 
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t-Bu 

I 

^9 


I 

t-Bu 

(a) 


t-Bu 

i 

t-Bu 

1 

i 

• 

1 

w o 



v. _ 


0 

0 

1 

t-Bu 

t-Bu 

(b) 

LUMO 


Fig. 20. Molecular orbitals, (a) and (b), of the free /-Bu-DAB (.s-cis conformation shown) 
and the LUMO, which become partly occupied in the /-Bu-DAB radical anion. 


plete delocalization of the unpaired electron density over the metallocycle 
and the neighboring nuclei (2, 68), see Fig. 21. NMR spectra reveal that 
the C —C coupling must occur with high stereospecificity while the fact 
that a sharp NMR resonance pattern was observed points to a low rate 
for the monomer association-dimer dissociation processes. Other ZnR'(R- 
DAB) (R = Me, i‘-Pr, /-Bu) radicals have also been prepared according 
to Eq. (41) (see Fig. 21 for the ESR patterns). 

Also in the reaction of R 2 Zn with /-Bu-DAB ZnR(/-Bu-DAB) radicals 
are formed, although in minor amounts, for R is a primary alkyl group 
(Et, n- Bu, or CH 2 -/-Bu) (dS). In these reactions the organo group does 



FIG. 21. ESR spectra for R'Zn(/-Bu-DAB) radicals: R' = Me, Et (fully shown) and z-Pr. 
Note the multiplicity of the outer multiplet arising from coupling with the R' group a protons. 
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not escape from the ZnR 2 (/-Bu-DAB) intermediate as a radical but is 
transferred either completely to the imino-N (for primary alkyls) or to the 
imino-C atoms (tertiary alkyl) or in some instances partially to the imino- 
N and the imino-C atom, see Section VI,C (179). An exception is the 
reaction for Me 2 Zn with /-Bu-DAB which results in formation of the stable 
1:1 complex Me 2 Zn(/-Bu-DAB). Above room temperature this complex 
is converted according to Eq. (42) to the MeZn(/-Bu-DAB) radical (50%). 
Similarly, reaction of Et 2 Zn with C 5 H 4 NC(H)=N-/-Bu afforded the equi¬ 
librium mixture of the three-coordinate radical and the C—C coupled 
dimer [Eq, (43)] via the four-coordinate ZnEt 2 [C 5 H 4 NC(H) : = : N-/-Bu] 
complex (65). This equilibrium is shifted more to the side of the dimer 
than in the case of the /-Bu-DAB derivative in Eq. (41). Recently the 
structure of [ZnEt{C 5 H 4 NC(H)N-/-Bu}] 2 was established by an X-ray 
structure determination (179). Remarkable is the resemblance of this struc¬ 
ture [schematically shown in Eq. (43)] to the structure of the C-C coupling 
product Ru 2 (CO) 5 (IAE) (see Fig. 26; Section IV,C). 


Me a Zn + f-Bu-DAB 



C—C coupled dimer 



These C—C coupling reactions (41) and (42) are in a sense very similar 
to the ones occurring during the formation of Mo 2 (CO) 6 (IAE) and 
Ru 2 (CO)„(IAE) (n = 4,5) (see Section VI,C). 
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Extensive ESR investigations have been carried out on the radicals ob¬ 
tained by treating M(CO) 4 -„L,,[R-DAB(R',R'')] with potassium in 1,2-di- 
methoxyethane or THF (81, 88, 145, 180) in which M = Cr, Mo, W and 
R = Me, CH 2 Ph, /-Pr, c-Hex, c-Pr for R' = R* = H or Me, and L = PBu 3 
with n = 0,1, or 2. Comparison of the ESR spin density at the coordination 
sites as well as the coupling data (in case of n = 1 or 2) for these complexes 
with those obtained for the corresponding 2,2'-bypyridine complexes 
showed that the ir-acceptor capacity of 2,2'-bypyridine is about half that 
of the R-DAB ligand. This result corresponds with the higher stability of 
the zerovalent metal-R-DAB complexes and the lower reduction potential 
of many of these complexes as compared to those of the zerovalent metal- 
2,2'-bipyridine analogs (84, 94). 


VI 

CHEMICAL ACTIVATION OF METAL COORDINATED 1,4-DIAZA- 
1,3-BUTADIENE LIGANDS 

Earlier we have mentioned the strong electron accepting properties of 
R-DAB ligands when coordinated in the <r,<r-N,N' (4e) and particularly 
in the <r-N,/t 2 -N',i/ 2 -C=N'(6e) and (r-N,(r-N',ij 2 -C—N,ij 2 -C=N'(8e) bond¬ 
ing modes. In the latter two types one and two C=N groups are i/ 2 -bonded, 
respectively. As a consequence one would expect chemical activation of the 
diimine itself, and also of the metal to which the diimine is coordinated. 

First, we shall discuss activation by <r-bonded R-DAB groups and sub¬ 
sequently reactions involving the i/ 2 -C=N metal linkages. 


A. Complexes with (Intermediate) o-N (2e) Bonded 1,4-Diaza- 
1,3-butadiene Ligands 

An example is the stoichiometric reaction of Fe 2 (CO)» with f-Bu-DAB 
which gives Fe(CO) 5 , Fe(CO) 3 (DAB), and 2-imidazolinone in a 1:1:1 
ratio (30, 110). A fairly detailed study of this formation of imidazolinone 
which, as far as we know, has not been observed for other metal carbonyl 
R-DAB complexes, showed that the reaction can be made catalytic (110). 
The proposed mechanism for both the stoichiometric and catalytic reactions 
(Fig. 22) starts with the attack of f-Bu-DAB on Fe 2 (CO)» giving Fe(CO) 5 
and Fe(CO) 4 (f-Bu-DAB) in which the t-Bu-DAB is <r-N (2e) bonded to 
Fe and probably in the £-j-trans-£ conformation. Rotation about the cen- 
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/=\ 
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Fig. 22. Suggested (catalytic) reaction scheme for the formation of imidazolinone in the 
reaction of Fe 2 (CO) 9 with r-Bu-DAB and CO (/ 10). 





Metal-1,4-diaza-1,3-butadiene Chemistry 


219 


tral C—C bond brings the diimine in this intermediate complex into the 
E-s-cis-E conformation and therefore in the right position to bind to one 
of the CO groups on Fe through intramolecular nucleophilic attack. Sub¬ 
sequent addition of f-Bu-DAB and extrusion of the weakly bonding im- 
idazolinone then gives further Fe(CO) 3 ( f-Bu-DAB). [N.B. Recently some 
work was published on the possible coordination modes of imidazoline( 1,3- 
//)-2-thione which is a sulfur analog of 2-imidazolinone (181) and it was 
shown that both S and N may be involved in metal coordination.] However, 
when the reaction was carried out under CO pressure, a catalytic process 
occurred possibly going via two pathways differing in the order of attack 
of R-DAB and CO, as is shown clearly in Fig. 22 (110). Unfortunately 
the catalyst was deactivated after about three cycles due to the unpro¬ 
ductive side reactions that lead to Fe(CO) 3 (R-DAB) and Fe(CO) 5 . 


B. Complexes with a,a-N,N' (4e) 1,4-Diaza- 1,3-butadiene 
Ligands 

In a series of papers Krumholz and co-workers (28, 115-117, 122, 130) 
studied ligand oxidation mainly on iron diimine complexes Fe[Me- 
DAB(R',R")] 3 + . These reactions using Ce iv in strongly acidic environments 
were studied by means of potentiometric, photometric (115,116,130), and 
electrochemical techniques (117). For example Fe"(Me-DAB) 3 + re¬ 
acted in strong sulfuric acid with Ce lv to yield Fe IU (Me-DAB) 3 + , which 
disproportionated further as shown below (115-117). It is thought that the 
first step involves the oxidation of Fe"(Me-DAB) 3 + [Eq. (44)]: 

Fe(Me-DAB)] + + Ce lv Fe(Me-DAB)]* + Ce 1 " (44) 

Subsequently there is an intramolecular electron transfer assisted by nu¬ 
cleophilic attack of a water molecule [Eq. (45)]: 

H20 

2Fe(Me-DAB)j + — Fe(Me-DAB) 2 [MeN=CH-C(OH)=NMe] 2+ 

+ Fe(Me-DAB)| + + 2H + (45) 

which is followed by a fast intramolecular electron transfer reaction [Eq. 
(46)]: 

fast 

Fe(Me-DAB) 2 [MeN=CH-C(OH)=NMe] 2+ + Fe(Me-DAB) 2+ — 

Fe(Me-DAB) 2 [MeN=CH—C(OH)=NMe) 3 * + Fe(Me-DAB)? + (46) 
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Parallel to reaction (45) reaction (47) occurs: 

HjO 

2Fe(Me-DAB)j + —• Fe(Me-DAB) 2 (MeN=CHCHNCH 2 OH) 2+ 

+ Fe(Me-DAB)j + + 2H + (47) 

The intramolecular electron transfer by means of a nucleophilic reaction 
with H 2 0 is shown schematically [Eq. (48)]: 


2 + 


Me 


OH, 


Me 


/^c- H 

(Me-DAB),Fe 3+ ‘ 


V C "H 

I 

Me 



/V- 

(Me-DAB) B Fe a+ | 
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N H 
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Nr^H 
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Subsequent reaction of the radical complex with water and Fe(Me- 
DAB) 3 + gives stable two-electron oxidation products, e.g., Eq. (49): 


Me 

1 

/ 

(Me-DAB) 3 Fe 2+ I 
i 

Me 


: OH, 


+ Fe(Me-DAB) s 3+ 


h 2 o 


Me 

Ac- oh 


■ (Me-DAB) a Fe a+ T 
V-^C 


I 

Me 


(49) 


+ Fe(Me-DAB) 3 a+ + 


A rather similar reaction is the autoxidation of Fe[Me-DAB- 
(Me,Me)] 3 + in acidic aqueous media with oxygen, which was studied 
by spectrophotometric and NMR techniques (130). Also in this case a 
radical intermediate [Me-DAB(Me,Me)] 2 Fe[MeN=C(Me)—C(Me) 
=N—CH 2 + was proposed. The electron is mainly localized on the depro- 
tonated Me group bonded to the N atom. 

Asymmetric R-DAB ligands C 5 H 4 N—CMe=NMe bonded to Fe 11 are 
oxidized by Ce IV in acidic environments to give via a radical intermediate 
an aldehyde group formed from the Me group bonded to the imine-C 
atom (122). 
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These studies therefore show that radical intermediates are of crucial 
importance in Fe-diimine reactions. The electron may be localized on the 
imino-C atom, on the substituent bonded to the imino-C atom and also on 
the substituent bonded to a N atom. 

Other examples of activation of <r,<r-N,N' bonded R-DAB ligands include 
their reactions with RLi, RMgX, and R 2 CuLi which gave after hydrolysis 
a large variety of products (159). However selective reactions were obtained 
between R-DAB and ZnR 2 and A1R 3 , respectively ( 68 , 182 , 183), The 
four-coordinate complexes Zn(p-Tol) 2 (R-DAB) are stable, but the com¬ 
pounds ZnEt 2 [R-DAB(R\R0] are stable only at low temperatures (R 
= /-Bu, i-Pr, CH 2 (/-Bu), c-Hex, and /-Pr 2 CH; R' = R" = H and R = i-Pr 
with R' = H, R" = Me and finally R = c-Hex and R' = R" = Me). For 
example, ZnEt 2 (/-Bu-DAB) converted at —50°C to EtZn—N(Et) 
(f-Bu)CH=CHT^-/-Bu via an intramolecular ethyl transfer from Zn 11 to 
one of the <r-N coordinated N atoms (Fig. 23ab) (183). The reaction is 


t-Bu 


t-Bu-DAB + Et 2 Zn ~ 70 ° c 


Zn 
N 


(a) 


Et 


t-Bu 


t-Bu 

rV 

N 

I 

t-Bu 


t-Bu 


Et 


Zn 


>-50C 




Toluene 


Et 


■x 


N \ 

Zn—Et 

;< 

t-Bu Et 


(b) 


t-Bu 


x 


\ 


t-Bu Et 


UBuOH 


t-Bu H 

v 


Zn—Et 


-EtZnO-t-Bu 

EtjZn 


A 

t-Bu Et 


t-Bu 


X -x 


(c) 


'N 

t-Bu Et 


Fig. 23. Reaction (a) of ZnEt 2 with /-Bu-DAB; formation (b) of EtZnN(Et)- 
(/-Bu)CH—CHN-/-Bu; hydrolysis (c) of EtZnN(Et)(/-Bu)CH=CHN-/-Bu with /-BuOH to 
give a tautomeric mixture of enediamines (183). 
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almost quantitative, but a small amount (<2%) of a persistent three-co¬ 
ordinated zinc radical species EtZn(f-Bu-DAB)* was also obtained (see 
Section V). Both molecul ar weight and NMR me asurements indicated the 
monomer nature of EtZnN(Et)(/-Bu)CH=CHN-/-Bu. Careful protono¬ 
lysis with /-BuOH produced EtZnO-/-Bu and quantitatively a 4:1 tau¬ 
tomeric mixture of the enediamine (/-Bu)EtNCH=CHN(H)-/-Bu and an 
iminoaminoethane (/-Bu)EtNCH 2 CH=N-/-Bu (Fig. 23c). Reaction with 
ZnEt 2 then gave back the starting material in quantitative yield (Fig. 23). 

The protonolysis with /-BuOD showed that in a very fast reaction the 
monodeuterated enediamine is formed first, after which a slower reaction 
reaches equilibrium in about ten minutes and this leads to a number of 
monodeuterated enediamine and the monodeuterated iminoaminoethane 
compounds (Fig. 24) (183). After about one hour in a second process a 
statistical ratio of fully protonated, mono- and dideuterated enediamines 
and iminoaminoethanes is formed. It could be deduced from l H NMR that 
H a in Fig. 24 is not participating in the isomerization and the H-D ex¬ 
change. 

The ratio of the tautomers appeared to depend on the R —N and R'—C 
substituents, since branching at in R shifted the equilibrium away from 
the enediamine and R' substitution of H for Me stabilized the enediamine 
tautomer (183). The mechanism of the unprecedented ethyl group transfer 
from Zn to N probably occurs via a mechanism involving initial homolytic 
cleavage of the Et—Zn bond for which the formation of the radical 
EtZn(R-DAB)’ through loss of an ethyl radical is supporting evidence. In 
the case where the Et radical does not escape from the solvent cage 
it moves to the N atom via an intramolecular 1,2-s hift. This can be 
rationalized by the character of the LUMO of the Zn—N=C—C=N 
entity, which is bonding in C—C and antibonding in C—N (183) (see Fig. 
20 in Section V). Apparently, this activation of the chelated N=C—C=N 
skeleton is a delicately tuned process because recent results have shown 
that in R 2 Zn(R-DAB) (R' = Me, R = /-Bu) complexes the ZnMe(/-Bu- 
DAB) radical is formed exclusively (50%) [see Fig. 21 and Eq. (42) in 
Section V], For R' = primary alkyl a 1,2-shift is observed while for 
R = /-Bu or /-Pr a 1,3-shift to the imino-C atom is the predominant process. 

In contrast to the Zn reactions, Al 2 Ph 6 reacted with p-Tol-DAB to pro¬ 
duce Ph 2 Al[(p-Tol)NCH(Ph)CH = N(/>-Tol)] via the four coordinate in¬ 
termediate Ph 2 Al(p-Tol-DAB) (182). However, now C—C coupling occurs 
instead of N—C bond formation and the corresponding iminoamine can 
be isolated in virtually quantitative yields upon protonolysis. Of interest 
is the more complicated reaction of Al 2 Me 6 with R-DAB, which afforded 
various reaction products in very selective ways depending on the R group 




Fig. 24. The hydrolysis of EtZnN(Et)(R)CH=CHNR 
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Fig. 25. The reaction of Me^A^ with f-Bu-DAB ( 182 ). 
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(182). The first step (Fig. 25) yielded Me,Al(R-DAB) (R = 2,6-Xyl and 
2,4,6-Mes) in which the R-DAB is e-N (2e) bonded with the R-DAB 
probably in the E-s-trans-Zs conformation. In the subsequent step one of 
the methyl groups of A1 is tran sferred to one of the imine-C atoms giving 
Me 2 Al(RN—CHMe—CH=r4R), which could be isolated for R - p- 
XC 6 H 4 with X = Me, OMe, Cl. I n the final step this compound rearranges 
to Me 2 AlRN=C(Me)—CH 2 —NR via a hydrogen migration (Fig. 25) 
(182). For R = 2,6-Xyl and Mes this last compound is directly formed 
from the first coordination product. Hydrolysis of the final product affords 
the particular iminoamine RN(H)CH 2 C(Me)=NR. The rate of rear¬ 
rangement increased in the order p-ClC 6 H 4 < p-MeC 6 H 4 < p-MeO-C 6 H 4 
and 2,6-Xyl < Mes <? f-Bu. For f-Bu the reactions take place very rapidly 
even in the solid state at -20°C. The proposed mechanism for the Me 
transfer involves an intramolecular attack of the nucleophilic methyl groups 
on the relatively less negative imine-C atoms. 

Recent results show that in the case of Al 2 Et 6 Et transfer from both A1 
to N and A1 to C occurs in parallel reactions, while in the first reaction 
also a radical species Et 2 Al(RN=CHCH=NR)’ was observed (179), i.e., 
a simple change from Me to Et may change the reaction picture completely 
as does also the change from Zn 11 to Al 111 . 

In this respect it is of interest to mention that K(f-Bu-DAB) reacts with 
alkyl halides RX to give f-Bu-N=CHC(R)=N-f-Bu, while with Me 3 SiCl, 
it produces in low yields cis-enediamines and bis-TV-silylated trans-enedi- 
amines (42). 


C. Stoichiometric C—C Coupling Reactions Involving <r-N,n 2 -N',t] 2 - 
C=N' Coordinated 1,4-Diaza- 1,3-butadiene Ligands 

The t? 2 -C=N bonded entity in complexes M 2 (CO) 6 (R-DAB) is clearly 
activated as indicated by the lengthened C=N bond and the strong upheld 
’H and l3 C NMR chemical shifts of the relevant atoms (Table V). Inves¬ 
tigations now show that it is possible to insert a number of unsaturated 
systems into the activated Ru—C bond of Ru 2 (CO) 6 (R-DAB), compounds 
which have been most extensively studied (2, 50, 165, 166, 173). For ex¬ 
ample, Ru 2 (CO) 6 (R-DAB) (R = t-B u, /-Pr, c-Hex) afforded with R-DAB 
in the first instance Ru 2 (CO) 5 (IAE) {IAE = bis[(alkylimino)(alkyl- 
amino)ethane]} (Fig. 26). This complex, which has a bridging CO group, 
but no metal-metal bond, contains two R-DAB ligands coupled together 
via one C—C bond. The structure is similar to that of Mo 2 (CO) 6 (IAE) 
which shows the presence of a lOe-donating IAE ligand with a long C—C 
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Fig. 26. The reaction of Ru 2 (CO) 6 (R-DAB) with R-DAB (R = i- Pr, c-Hex, /-Bu) to give 
via Ru 2 (CO) 5 (IAE) and via Ru 2 (CO) 4 (IAE) (only for R = i-Pr and c-Hex) the complex 
Ru 2 (CO) 4 (R-DAB) 2 ( 50 ). 
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bond of 1.61(2) A connecting the two R-DAB groups (97). The C—C 
coupling reaction is completely regiospecific since in the case of asymmetric 
R-DAB(H,Me) it takes place uniquely between the C atoms bearing the 
H atoms (50, 165). The following step upon heating Ru 2 (CO) 5 (IAE) is 
the loss of the bridging CO group and formation of Ru 2 (CO) 4 (IAE). 
Ru 2 (CO) 4 (IAE) has a metal-metal bond, as is indicated by the presence 
of a strong electronic absorption band at 290 nm whose intensity increases 
appreciably at lower temperatures and which is ascribed to a a -> a* 
transition localized on the Ru—Ru bond. Ru 2 (CO) 4 (IAE) was isolated 
only for R = z-Pr and c-Hex since the reaction stopped at Ru 2 (CO) 5 (IAE) 
for R = /-Bu. Further heating of Ru 2 (CO) 4 (IAE) caused the C—C bond 
originally formed to break again. A point confirmed by the crystal structure 
of the product Ru 2 (CO) 4 (R-DAB) 2 (R = z-Pr) (50) (see also Section III,D). 
For R = Ar the analogous compound was formed rapidly from Ru 3 (CO)| 2 
and R-DAB, although the intermediate complexes with IAE ligands could 
be identified in solution (50). From the above, it should be clear that 
Ru 2 (CO) 4 (R-DAB) 2 is not an intermediate, but the thermodynamically 
stable end product, while the Ru 2 (CO)„(IAE) complexes are formed in a 
kinetically very favorable pathway, probably by coupling of an inserting 
R-DAB into the Ru—C bond activated by q 2 - N—C bonding. In this respect 
it should be noted that there is a strong dependence not only on the R- 
group but on the metal too, since IAE complexes could not be formed from 
Fe 2 (CO) 6 (R-DAB) (N.B. IAE complexes may be formed fleetingly but 
the C —C bond could then quickly break again), while Os 2 (CO) 6 (R-DAB) 
reacted sluggishly and no “coupled” products have been isolated as yet 
(112). Coupling of C—C does occur in the reaction of A-a-methylbenzyl 
iminoacetate PhCH(Me)N=CHC0 2 Et (= L) with Fe 2 (CO) 6 L (164) (see 
also Section III,E, Fig. 11). The resulting product Fe 2 (CO) 6 L 2 , which was 
characterized by X-ray crystallography, shows the presence of a 2,3-dia- 
minosuccinic acid derivative to which are linked a nitrogen bridged binu- 
clear Fe 2 (CO) 6 entity. Just as in IAE there is coupling between the ?? 2 - 
N=C bonded C atom and the N=C C-atom of the inserting ligand 
(Fig. 27). 

In order to obtain more information about the C—C coupling reaction 
kinetic measurements [using reversed phase HPLC analysis (high perfor¬ 
mance liquid chromatography)] were carried out on mixtures of 
Ru 2 (CO) 6 (R-DAB) with R-DAB (173). 

The reaction for R = z-Pr [Eq. (50)] turned out to have an overall order 
of one, being first order in complex and zero order in z-Pr-DAB (173). The 
reaction for the /-Bu case proceeded at a much lower rate and it was 
confirmed that the complex Ru 2 (CO) 5 (IAE) was the end of the reaction 
sequence in Fig. 26. 
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Fig. 27. Schematic structure of Fe 2 (CO) 6 L 2 . L 2 is the C —C coupled dimer of 
PhCH(Me)N=CHC0 2 Et ( 164 ) (see also Fig. 11). 


Ru 2 (CO) 6 (/-Pr-DAB) + i-Pr-DAB — Ru 2 (CO) 5 (IAE) + CO (50) 

Somewhat more complicated reactions appeared to take place for mix¬ 
tures of Ru 2 (CO) 6 (/-Pr-DAB) with f-Bu-DAB and of Ru 2 (CO) 6 (f-Bu- 
DAB) with /-Pr-DAB, since different products were characterized. The 
former reaction gave Ru 2 (CO) 6 (/-Bu-DAB), Ru 2 (CO)„(/-Pr-IAE), and 
Ru 2 (CO) 4 (/-Pr-DAB) 2 . However, for the second reaction mixture these last 
two compounds were present, but not Ru 2 (CO) 6 (/-Pr-DAB). There is some 
evidence that mixed IAE complexes containing f-Bu-DAB C—C coupled 
to /-Pr-DAB and furthermore a mixed compound Ru 2 (CO) 4 (f-Bu-DAB)(/- 
Pr-DAB) might also be formed (173). 

These various reactions may be rationalized by the following equilibrium 
equation 

+ DAB 

Mj(CO) 6 (DAB)s=*2M(CO)j(DAB) (51) 

-DAB 

which moves to the right for M = Fe and for R substituents doubly 
branched at C a and C p . Such a process would account for the presence of 
both mixed IAE and mixed R-DAB complexes. The intermediate complex 
Ru 2 (CO) 6 (DAB) probably consists of a R-DAB ligand <r,<r-N,N' chelated 
to one M atom, while the other M atom is coordinatively unsaturated and 
therefore susceptible to attack of a second R-DAB. This would also be in 
line with the reaction scheme proposed for the formation of MnCo(CO) 6 (R- 
DAB) (see also Sections III,E and IV,A and Fig. 13). 

The mechanism of formation of the previously mentioned Mo 2 (CO) 6 (IAE) 
is not very clear, since the preparations are different from those of Ru 
compounds (97). For example, the compound can be made by treating not 
only MnBr(CO) 3 (R-DAB) but also MnBr(CO) 5 with [Mo(CO) 4 (R- 
DAB)]K [Eqs. (52) and (53)]: 
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2MnBr(CO) 3 (DAB) + 2[Mo(CO) 4 (DAB)]K — 

Mo 2 (CO) 6 (IAE) + 2DAB + KBr + Mn 2 (CO) 10 (52) 

2MnBr(CO) 5 + 2[Mo(CO) 4 (DAB)]K — 

Mo 2 (CO) 6 (IAE) + 2CO + 2KBr + Mn 2 (CO) l0 (53) 

It was further demonstrated that even though a Mo—Mn bonded complex 
is an intermediate, the IAE ligand is formed exclusively from the R-DAB 
bonded to Mo, indicating a bimetallic Mo 2 intermediate. The method giv¬ 
ing the highest yields of Mo 2 (CO) 6 (IAE) involves the treatment of 
Hg[Mo(CO) 3 (R-DAB)] 2 with acids [Eq. (54)]. 

Hg[Mo(CO) 3 (R-DAB)] 2 + 2H + — Mo 2 (CO) 6 (IAE) + H 2 + Hg 2+ (54) 

Using a similar reaction, only a few percent yield of Cr 2 (CO) 6 (IAE) could 
be obtained, while the analogous tungsten complex could not be prepared. 
Use of asymmetric R-DAB(H,Me) gave quantitatively a regiospecific re¬ 
action in which only the C atoms bearing the H atoms were linked together. 
All these observations indicate a kinetically favorable pathway that is very 
sensitive to the various factors. The preferred reaction mechanism involves 
a dimerization of two coordinatively unsaturated Mo(CO) 3 (R-DAB) (R 
= /-Bu, /-Pr, c-Hex) units to form an Mo 2 intermediate on which the R- 
DAB ligands are held close together. Because of the observed regiospeci- 
ficity and in view of the R groups that could be used [i.e., those also typical 
for the stabilization of Ru 2 (CO) 6 (R-DAB)] it seems likely that at least one 
R-DAB is <7-N,/* 2 -N',t 7 2 -C=N' (6e) bonded to the Mo 2 pair. Whether the 
subsequent C—C coupling reaction both here and with the Ru complexes 
proceeds via a radical mechanism [cf. the C—C coupling reactions found 
for Zn—Eqs. (42) and (43)] or via, e.g., a polar mechanism is open to 
question. 

The molecular structure of Mo 2 (CO) 6 (IAE) with R = /-Pr shows a Mo 2 - 
unit [2.813(2) A] bridged by the lOe-IAE ligand with C=N, C—N and 
C—C bond lengths of 1.28(2), 1.39(2) and 1.62(2) A, respectively (97). 
The long C—C bond is a result of steric strain, and it is therefore not 
surprising that both heat and light lead to cleavage of this bond. 


D. Catalytic C—C Coupling Reactions Involving (r-N t ^ 2 -N , t T] 2 - 
C=N' Coordinated 1,4-Diaza-1,3-butadiene Ligands 

A good example of C—C coupling with other substrates is the reaction 
of Ru 2 (CO) 6 (R-DAB) (R = /-Pr, /-Bu, c-Hex) with acetylene, and mono- 
and disubstituted alkynes R'C 2 R" (R' = R" = CH 3 0 2 C—, CD 3 0 2 C—; R' 
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= R" = H; R' = H, R" = CH 3 0 2 C, Ph,p-Tol, t-Bu) (166). In this multistage 
reaction sequence the first step involves insertion of R'C=CR". The crystal 
structure of the insertion product with PhC 2 H, i.e., Ru 2 (CO) 5 [(t-Bu- 
DAB)(PhC 2 H)] shows that the DAB ligand and PhC 2 H are coupled via 
a C—C bond. The 3-amino-4-imino-l-butene- 1-yl (AIB) so formed is 
bonded to the Ru 2 (CO) 5 unit as shown in Fig. 28. The length of the C—C 
bond formed is 1.546(10) A. The Ru 2 (CO) 5 entity shows four terminal CO 
groups and a fifth one bridging a Ru—Ru bond of 2.711(1) A. The C=N 
and C—N bonds are 1.259(10) and 1.496(9) A, respectively. The original 
C=C bond is reduced to a double C=C bond of 1.346(10) A. An inter¬ 
esting feature of this planar olefinic fragment is that it is bonded to the 
Ru 2 pair with the CH end, while the C—Ph end is coupled to the formally 



Fig. 28. Structure of Ru 2 (CO) 5 (f-Bu-DAB)(PhC 2 H). The PhC 2 H and /-Bu-DAB are 
coupled via a C—C bond { 166 ). 
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?; 2 -C=N bond imine-C atom. Here therefore we have coupling between 
a C —H and a C—Ph fragment in contrast to the C—H to C—H coupling 
in the case of insertion of R-DAB (50). 

Subsequent reaction of Ru 2 (CO) 5 (AIB) with another alkyne gave 
Ru 2 (CO) 5 (AIB)(alkyne) in which the second alkyne just adds to the first 
complex as a 2e donor without substitution, since Ru 2 (CO) 5 (AIB) is elec¬ 
tron deficient by 2e. This electron deficiency may be partly relieved by 
coordination either of the olefinic fragment or (if R is CH 3 0 2 C) by an 
oxygen atom of the carboxylate group to the Ru atom not bearing the 
<t-N=C bonded group. The CO groups in Ru 2 (CO) 5 (AIB)(alkyne) are all 
terminally bonded. Further heating produced Ru 2 (CO) 4 (AIB)(alkyne) 
with loss of CO, while the alkyne has changed its bonding from 2e- 
monodentate to 4e-bridging. Finally, further addition of alkynes at 110°C 
produced substituted benzenes catalytically (Fig. 29) (166). An example 
of such a reaction, monitored by HPLC, was the trimerization of 
CH 3 0 2 CC=CC0 2 CH 3 by Ru 2 (CO) 4 (/-Bu-DAB-R , C 2 R , )(R'C 2 R) (R' 
= CH 3 0 2 C—) which gave rapidly in 380 cycles only the substituted ben¬ 
zene [C 6 (C0 2 CH 3 ) 6 ]. Use of mono substituted alkynes FIC 2 R' afforded 
with complete regiospecificity only 1,3,5-trisubstituted benzenes. This is 
very unusual since almost all catalysts produce mixtures of various 
products (184). 

The mechanism of the catalytic reaction is not clear, but none of the 
present known mechanisms seem to explain the experimental data (185- 
189). Whatever the mechanism, the quantitative symmetry induction to 
give 1,3,5-substituted benzenes strongly indicates a binuclear intermediate 
as catalyst (166). 

A final point is that involvement of HC 2 H with Ru 2 (CO) 6 (R-DAB) did 
not give a catalytic reaction, but produced Ru 2 (CO) 4 (^ 2 -HC 2 H)(R-DAB) 
via Ru 2 (CO) 5 (R-DAB)(HC 2 H) which could be identified as an unstable 
intermediate. The ^ 2 -HC 2 H complex is shown in the catalytic scheme of 
Fig. 29 while the structure was discussed in Section III,F (Fig. 14b). The 
complex shows no catalytic activity (57, 166). 


E. Catalytic Reactions 

Very little is known about catalytic reactions in which metal-R-DAB 
complexes are involved but for which on first sight of the R-DAB itself is 
not activated. Discussion is unfortunately hampered by the absence of any 
concrete data, since the available results have been laid down in preliminary 
discussions that have not been followed up by full papers (74, 705, 707, 
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active 

Fig. 29. The catalytic reaction of Ru 2 (CO) 6 [R,-DAB(R 2t R 2 )] with RC 2 R. Note that 
Ru 2 (CO) 4 (R-DAB)(ji 2 -HC 2 H) is the stable end product if HC 2 H is used ( 31 , 166 ). For 
asymmetric alkynes only 1,3,5-substituted benzenes are found. 
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148). We shall therefore restrict ourselves by necessity to some scarce 
details on Fe, Ni and Cr complexes. 

For example, tetracoordinate Fe[R-DAB(R',R")h (R = /-Bu, c-Hex, i- 
Pr, /-Pr 2 CH, Ar; R' = R* = H or Me) which have a 16e configuration, 
show in the presence of Et 2 A10Et or AlEt 3 (2 mol equivalent) high catalytic 
activity in the dimerization of conjugated dienes in the temperature range 
22-82°C (105). In the case of butadiene 1,5-cyclooctadiene (COD) and 
vinylcyclohexene were formed, while in the case of isopropene 1,6-dimethyl- 
COD and 1,5-dimethyl-COD could be isolated together with methylated 
vinylcyclohexenes and open chain products. 

In the case of Fe(NO) 2 (R-DAB(Me,Me) (R = Ph) the conversion of 
isoprene both with and without (AlEt 3 ) 2 led to formation of somewhat 
varying amounts of isoprene polymers as well as 1,4- and 2,4-dimethyl-4- 
vinyl-1-cyclohexene (107). 

The complex Cr(R-DAB) 3 (R = z-Pr 2 CH) activated by Et 2 A10Et yielded 
mainly 2,7-dimethyl-2-/rart.y-4,6-octatriene through a selective tail-to-tail 
C—C coupling accompanied by a double H shift, in addition to some 
trimers and some higher molecular weight products. Change of R to c-Hex 
gave none of the first product, but instead another isomer, 2,7-dimethyl- 
1,3,6-octatriene and a head-to-tail dimer, 2,6-dimethyl-1,3,6-octatriene 
(74). A similar steric control was mentioned for V(R-DAB) 3 -A1R 3 but no 
details were given (74). 

Finally it has been mentioned in a short paragraph of Ref. 148 that 
the novel complexes NiMe 2 (R-DAB) [R = 2,6-(/-Pr) 2 C 6 H 3 ] appear to be 
active in the catalytic oligomerization of butadiene at 120°C and at un¬ 
stated pressures to give unidentified waxy polymers. 

The steric control in some of these reactions seems to indicate the pres¬ 
ence of R-DAB in the catalyst. However, in most cases the catalysts are 
activated by alkylaluminum compounds, which as we have seen are ex¬ 
tremely active in the conversion of R-DAB itself (see Section VI,B, Fig. 
25) (182). Furthermore, we must expect under these conditions the for¬ 
mation of active clusters. 


VII 

CONCLUDING REMARKS 


In this review we have shown that the R-DAB species RN=C- 
(R')C(R')=NR are highly versatile ligands. The versatility is due to (i) 
the flexibility of the NCCN skeleton, (ii) the strong tr-donor and 7r-acceptor 
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properties, and (iii) the possibility of changing both the R and R' substit¬ 
uents by which both the electronic and steric properties may be influenced 
appreciably. 

It has been shown that due to this versatility the diimine ligands are able 
to bind as 2e, 4e, 6e, or 8e donor ligands. In the 2e and 4e bonding modes 
the N atoms are used for bonding while in the 6e and 8e bonding modes 
the 7 t-C=N orbitals are also employed for metal-r/ 2 -C = N bonding. In the 
last type of bonding the C=N bond length is increased appreciably by 
virtue of back donation into the low-lying LUMO of the NCCN skeleton. 

In addition to the coordination types we have also surveyed the reactivity 
of coordinated diimine ligands. The most unusual aspect is the activation 
of the 77 2 -C=N bonding in the 6e bonding mode, which results in stoi¬ 
chiometric and catalytic C—C coupling reactions. 

Considering what is now known about diimine chemistry, it is to be 
expected that much fruitful work should be carried out in the reactivity 
of coordinated R-DAB ligands. 
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I 

INTRODUCTION 

In spite of the fact that intermediates with silicon doubly bonded to 
carbon, oxygen, sulfur, nitrogen, or silicon have been described and fully 
characterized for several years (7—70), no such germanium intermediate 
was described until 1973 (2, 70, 77). Intermediates with germanium doubly 
bonded to carbon, oxygen, sulfur, nitrogen, phosphorus, and germanium 
are, like their silaanalogs, very unstable (2, 70, 77). However, there are 
now many reactions in which such species have been “trapped” and char¬ 
acterized as well-established intermediates (2, 70, 77). 
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Until recently the second- and subsequent-row elements were considered 
unable to form pir-pir bonds and the corresponding unsaturated molecules 
were classed as nonexistent compounds {12). The reasons given were the 
large size of the atoms reducing the sideways overlap of the p orbitals, the 
diffuse nature of ( np) orbitals for n > 2, and their high energy (13-19). 

Theoretical studies were carried out by Pitzer (20), who postulated that 
in second-row or heavier elements the repulsion between electrons of the 
bonding p orbital and the filled inner shell becomes important and is re¬ 
sponsible for the relative absence of stable multiple bonds. Mulliken agreed 
in part with Pitzer’s interpretation, especially for the heavier elements, on 
the basis of his overlap integral calculations (21). These theoretical studies 
were discussed by Gilman and Dunn (22), but other authors (23-27) pro¬ 
posed that the absence of stable pir-pir bonding in the silicon, germanium, 
tin, and lead series was due to more effective use of the d orbitals in the 
polymer, making it more stable than the monomer. 

Now, numerous experimental studies in silicon and germanium chemistry 
(1-11) have established the formation of these unsaturated species, but 
generally as very short-lived intermediates. However, very recently two 

stable species with ^Si=C^ (28) and ^Si=Si^ (29) units have been 

described. 

This article is especially devoted to germanium doubly bonded species. 
The synthetic routes and the reactivity of each type of these intermediates 
will be presented in the following order: 

^Ge=C^ species of the germaethylene (or germene) type (e.g., 
Et 2 Ge=CH 2 , diethylgermaethylene); 

^ Ge=0 and ^ Ge=S species of the germanone and germathione types, 
analogous to ketones and thiones (e.g., Et 2 Ge=0, diethylgermanone); 

^Ge=N— species of the germaimine type analogous to imines (e.g., 
Et 2 Ge=NPh, N-phenyldiethylgermaimine); 

^Ge=P— species of the germaphosphimine type analogous to phos- 
phimines (e.g., Et 2 Ge=PPh, diethylgermaphenylphosphimine); 

^Ge=Metal species including: 

^Ge=Ge^ species of digermaethylene (or digermene) type (e.g., 
Ph 2 Ge=GePh 2 , tetraphenyldigermaethylene); 
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^Ge=Bi— species; 

^Ge=MnL„ derivatives. 

Theoretical investigations and some spectroscopy results are also re¬ 
ported. 


II 

^Ge=C ^ SPECIES 


In an attempt to explain its much greater acidity relative to triphenyl- 
germane, (p • p) 7r bonding between germanium and carbon has been in¬ 
voked in pentaphenylgermole (1) (pentaphenylgermole is at least 10 6 times 
more acidic than triphenylgermane) (30) [Eq. (1)]. 



( 1 ) 


An attempt to generate a germanium-carbon (p • p)n double bond by 
pyrolysis of dimethylgermacyclobutane (2) proved unsuccessful (31). Both 
olefinic and carbenoid decomposition are observed [Eq. (2)]. 



(Me 2 Ge=CH 2 ) + CH 2 =CH 2 

(3) 

Me 2 Ge: + C 3 H 6 

(4) 


( 2 ) 


The elimination of ethylene is noted but the dimer (or polymer) of di- 
methylgermaethylene (3) was not detected. 

On the other hand, dimethylgermylene (4) is inserted into the cyclic 
Ge—C bond of germacyclobutane (2) with formation of digermacyclo- 
pentane (5) [Eq. (3)]. The same type of fragmentation of 1,1-dimethyl-l- 
germacyclobutane (2) is observed upon electron impact ( 31 , 32). 


Me 2 Ge: + 


Me 2 Ge^\> 


Me 2 Ge^"\ 

Me 2 Ge^/ 


(3) 


(4) 


( 2 ) 


(5) 
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The first fully characterized intermediate with germanium doubly 
bonded to carbon was described by Barton (33) in the pyrolysis of the 
Diels-Alder adduct (7) of germacyclohexadiene (6) with perfluoro-2-bu- 
tyne. 1,1-Diethyl-l-germaethylene (diethylgermene) (8) is characterized 
by formation of its dimer, 1,1,3,3-tetraethyl-1,3-digermacyclobutane (9), 
and by cycloaddition with dimethylbutadiene (Scheme 1). 



(9) 

Scheme 1 

In a reaction of the same type, dimethylgermaethylene was characterized 
by addition to phenol (34) (Scheme 2). 


ci 


GeMe a 

CO a Me 


// I ^ v ^ C °2 Me A 


[Me a Ge=CH a ] 


PhOH 


Me s GeOPh 


Scheme 2 


Barton and Hoekman (<$, 35, 36) recently observed the formation of 
germene (10) from methyl migration to carbon on photolysis and pyrolysis 
of bis(trimethylgermyl)diazomethane (11). Pyrolysis of 11 produced 12 
and 13, each in 32% yield. Dimer 12 arises from head-to-head dimerization 
of germene (10) while germazene (13) probably is a result of reaction 
between 11 and 10. Photochemical germene production is even more ef¬ 
ficient, as irradiation of 11 produces dimer 12 in 89% yield and irradiation 
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in the presence of MeOD affords adduct 14, the product of methanol 
addition across the Ge=C bond (Scheme 3). 


Me,Ge—CMe 
2 i i 
MeO D 


A X 

Me 3 Ge Ge GeMe 3 
Me, 


N, 

II 

MeaGeCGeMeg 


Me a Ge=C v 


Me Me 

\ / 

v. Ge GeMe, 

Ge X 

Me Me H Me 


Me Me Me 

\ / \ y Me 

Ge — Ge^ 


- C—GeMe s 


Scheme 3 

Thermolysis of trimethylsilyltrimethylgermyldiazomethane (15) pro¬ 
duces only products from the silene intermediary, but photolysis and trap¬ 
ping with MeOD reveals a competition between silene (16) and germene 
(17) formation which favors the silene by a factor of four (S, 35 , 36) 
(Scheme 4). 

~ GeMe, 

„ 0 ^GeMe 3 MeOD I 3 

Me a Si=C -► Me z Si—CMe 

^Me I l 

MeO D 


Me a Si—C— GeMe, 


Me 3 Si— C—GeMe, 


Me-Ge—CMe 
I I 
MeO D 


Scheme 4 



246 


JACQUES SATGE 


It is of interest to compare these results with those found by Jones et al. 
(37) in the thermolysis of phenyl(trimethylgermyl)diazomethane (18). 
Styrene can originate from germirane (19) and also from germene (20) 
(Scheme 5). 



A new route to germaalkenes described recently is the reaction between 
germylenes (38) and diazo derivatives such as diazophenylmethane and 
ethyl diazoacetate (39-41). In this reaction type, the correlation of ger- 
mylene reactivity with electrophilic character (42) permits postulation of 
an initial nucleophilic attack of the germylene by the diazo compound, 
which leads to an ylide type complex (21). Complex 21 proceeds with 
evolution of nitrogen to germene (22) through a transient zwitterionic form. 
Moreover, when a copper catalyst is used in these reactions germene (22) 
can also be produced by direct interaction between germylene and the 
generated carbene (Scheme 6). 



(23) 


Scheme 6 
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These intermediates are polycondensed quickly to lead to oligomers with 
germanium-carbon single bonds (23). 


Ph R 
I I 
Ge-C- 
I I 
Ph H 

(23) 


Ph 2 Ge(OMe)CH 2 R 

(24) 


MeOH 


Ph H 

\ / 

Ge=C 

PIT R 


Ph. 


H R 
^cCH^Ph 


,Ge^ C 
r \ 

(27) 


Ph 


PhCH=N(0)Ph 
R = COOEt 


- (Ph 2 GeO)„ 
+ 

PhCH—CHR 
+ 

(PhN) 


^PhN—NPh 



— (Ph 2 GeO) n + RCH= 


Ph R Ph 

111 

■Ge — C— C— O-j— 
III 

Ph H H 


— (Ph 2 GeO)„ 4- PhCH=CHR 
n 1 

R = Ph; R = COOEt 


Scheme 7 


The intermediates (22) have been characterized by several trapping re¬ 
actions (see Scheme 7). (1) Addition to alcohol (methanol) leads to the 
corresponding methoxygermanes (24). (2) Pseudo-Wittig reactions with 
benzaldehyde leading transitorily to germaoxetane (25) and finally to ger- 
manone (which is polycondensed to germoxane) and alkene. (3) Cycload¬ 
dition reaction with nitrosobenzene, formation of germaoxaazetidine (26) 
and finally, germoxane and imine. (4) A cycloaddition reaction is also seen 
with diphenylnitrone with transitory formation of germaoxaazolidine (27) 
decomposing to germanone, alkene, and phenylnitrene (characterized by 
the formation of azobenzene). 

In the case of the reaction of halogermylenes (difluorogexmylene and 
phenylchlorogermylene) with ethyl diazoacetate, the formed intermediate 
(28) develops in three different ways {39) (see Scheme 8). 


NPh 
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X = Ph. Y = Cl 


Scheme 8 

(1) The formed germene partially polycondenses to oligomers (29). 

(2) A germanotropic rearrangement (43) is also seen in this case due 
to the electrophilic character of the germanium center. The germa-2-oxa- 
3-cyclobutene (30) thus formed quickly decomposes through a /3-elimi- 
nation process with formation of germoxane and ethoxyacetylene. 

(3) Halogen migration from the metal to the carbonium ion in the ex¬ 
position is also observed; it leads to a new functional germylene (31) which 
has been characterized in the polycondensed form and also by reaction 
with dimethyl disulfide (42). 

Condensation reactions of these intermediates with an excess of ger- 

i 

mylenes is also observed by formation of polymers (32) with ( —Ge— 

i i i 

Ge—C —) units (Scheme 8). 
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The characterization of these halogenated germaalkenes with previously 
used trapping reagents (alcohol, nitrosobenzene, or nitrones) is impossible 
due to the high reactivity of the starting halogermylenes (44) and the 
germanium-halogen bonds ( 43 , 45) with these reagents. 

Dehydrobromination of l,4-di-ferf-butyl-l-germacyclohexa-2,4-diene 

(33) by the action of bases [f-BuLi, LiN(j-Pr) 2 ] gives, after nucleophilic 
substitution reaction and elimination, a new 1,4-di-terf-butylgermabenzene 

(34) which dimerizes or can be intercepted by Diels-Alder reaction with 
conjugated dienes (46) (see Scheme 9). 



Thermolysis of germanium (and silicon) isologs of allyl aryl ethers (35) 
via transient metal doubly bonded intermediates (36) leads to aromatic 
Claisen-type rearrangements. The Claisen rearrangement leads to new 
oxametallacyclohexanes (37) by intramolecular trapping of the metal-car¬ 
bon double bond (34) [Eq. (4)]. 



(36) 
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In the reaction of bis(trimethylsilyl)bromomethyllithium (38) with di- 
methyldihalo derivatives of silicon, germanium, and tin leading to for¬ 
mation of dimetallacyclobutanes (39), formation of the intermediate 
(Me 3 Si) 2 C=MMe 2 followed by dimerization has been postulated ( 47 , 48) 
[Eq. (5)]. This route is nevertheless considered less likely than a process 
that proceeds entirely via organolithium derivatives. 


fl 2 C(Br)Li *- Me 2 MCl 2 
( 38 ) 


R 2 C — MMe, (38) ► n 2 C— MMe 2 ~ LlC1 ► [ fl 2 C=MMe 2 ] (5) 
Br Cl Li Cl | 


R = Me 3 Si 


R 2 C—MMe, 
11 “ 
Me 2 M—CR, 


( 39 ) 


Intermediate formation of diethylgermafulvene 



is pos¬ 


tulated in the reaction of diethylcyclopentadienylchlorogermane with tri- 
phenylmethylenephosphorane (48a). 

A comparative study of the pyrolysis of the tetramethyl derivatives of 
silicon, germanium, and tin using a wall-less reactor gives the following 
reaction sequence as a reasonable possibility (49) [Eq. (6)]. 


CH 3 *+ (CH 3 ) 4 M-► CH 4 + (CH 3 ) 3 MCH 2 - 

( 6 ) 

(CH 3 ) 3 MCH 2 - -► 3CH 3 + M = CH 2 -►polymer 

The formation of corresponding 1,3-dimetallacyclobutanes was not ob¬ 
served. 


Ill 

)g«= 0 AND ^Ge S SPECIES 


2-Germa-l-oxetanes (40) (50-53) and 2-germa-l,5-dioxanes (41) (54) 
as well as the adducts of 2-germa-1,3-dioxolanes, 2-germa-1,3-oxazolidines, 
and 2-germa- 1,3-diazolidines with carbonyl compounds (aldehydes, ke¬ 
tones, and phenyl isocyanate) (42) (55) decompose thermally by ^-elimi¬ 
nation leading to transient dialkylgermanones which polymerize quickly 
to germoxanes (R 2 GeO)„ [Eqs. (7)-(9)]. 
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R 2 GeCH 2 CH 2 OH 


20°C 
Raney Ni 
-H a 


■ R,Ge 




(40) 


R 2 Ge 


/ 


GeR, 


R 2 Ge, NEt 3 + 


s s 60-80°C 

[ R 2 Ge=0] 


/ 


^C=C 


(7) 


/ \ 150°C R \ \ / 

R 2 Ge O » [ R 2 Ge=0] + C=0 + C=C 

\)-C / R' f/ / ^ 

/ \ 

R' R" 


( 8 ) 


(41) 


R 2 Ge 


/S R^ 

O + H^ C= °- 


R ,r^i 

R^r-T ■ 

O-GeR 2 


T°C 


[R 2 Ge=Q] + 


<*> 


(42) 


The decomposition temperatures of the adducts in Eq. (9) depend on the 
nature of R', R", X, and Y (see Table I). The germanones thus generated 
were identified by various trapping reactions with methoxygermanes, ox- 
agermacyclopentane, and ethylene oxide (55) [Eqs. (10)—(12)]. 


TABLE I 

Temperature of Formation of Germanone by 
Decomposition of Adducts 42 a 


R' 

R" 

X 

Y 

T (°C) 

Me 

H 

o 

O 

160 

Me 

H 

o 

NMe 

20 

Me 

H 

NMe 

NMe 

20 

Ph 

H 

O 

O 

160 

Ph 

H 

o 

NMe 

20 

Ph 

H 

NMe 

NMe 

20 

Me 

Me 

O 

O 

160 

Me 

Me 

o 

NMe 

20 

Me 

Me 

NMe 

NMe 

20 

c 6 h 5 n= 

O 

O 

180 

c 6 h 5 n= 

NMe 

NMe 

140-150 


From Ref. 55. 
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2[Et 2 Ge=0] + 2 Me 3 GeOMe 


Et 

-^2|Me 3 Ge-0—Ge-OMe| 
Et 


(Me 3 Ge) a O + l/3(Et 2 GeO) 3 + Et 2 Ge(OMe) 2 


(10) 


[Et 2 Ge=0] •- Et z Ge 


o 


25°C 




._Et 2 Ge' 

120-150°C x o—Ge-O 

Et 2 


> (ID 


[Et 2 Ge=P] + Y7- Et ^ Ge \ J 


( 12 ) 


The action of benzaldehyde on cyclodigermazanes leads, after an inser¬ 
tion reaction to imines and germoxanes via the formation of transitory 
germanones (56) [Eq. (13)]. 


R 

i 

Ph,Ge GePh 2 • 2 PhCHO 
R 


Ph R 
O—CH—N. 

Ph-.Ge'T {.GePh, 

N—CH—O 
R Ph 


(13) 


2[Ph 2 Ge=0] + 2PhCH=NR R = Me, Ph 
(Ph 2 GeO), 


The action of CS 2 on the same cyclodigermazanes leads to germathiones 
(56) [Eq. (14)]. 


R 

Ph 2 Ge / GePhj + 2CS 2 -»- 2 (Ph 2 Ge=S) + 2 RNCS (14) 

R w 

~ (Ph 2 GeS)„ (« = 2,3) 
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The bis(dialkylmethoxy)germanium oxides (43) and bis(dialkyl- 
methylthio)germanium sulfides (44) are also precursors of germanones and 
germathiones, respectively, under mild conditions (55, 57) [Eqs. (15) and 
(16)]. 

+ 2MejGeOMc 

[R 2 GeCl] 2 0-> [R 2 Ge(0Me)] 2 0 — R 2 Ge(OMe) 2 + [R 2 Ge=0] (15) 

-2MejGeCl (43) 


[R 2 Ge(SMe)] 2 S — R 2 Ge(SMe) 2 + [R 2 Ge=Sl (16) 

(44) 

Transient diethylgermathione is also obtained by thermal /8-elimination 
reactions from adducts of germaoxazolidines and germadiazolidines with 
CS 2 or PhNCS (45) (57) (see Scheme 10). 


Et 2 Ge 


D 


/ 

R' 


+ X—C— S 



X=c +—- 
S-^-GeEta 
(45) 


T° 


(Et 2 Ge=S) + 



Y7 


*0 


Xs= PhN 

Y = NMe 

R' = Me 

T = 150°C 

x= s 

Y = NMe 

R' = Me 

T - 150°C 

x= s 

*< 

ii 

O 

R' = H 

T = 0°C 




Scheme 10 


Diethylgermathione undergoes insertion and ring expansion reactions 
with ethylene oxide or thiirane with formation of germaoxathiolane or 
germadithiolane (see Scheme 10) and adds to the germanium-sulfur bond 
of Et 3 GeSMe (57, 58) [Eq. (17)]. 


2[Et 2 Ge=S] + 2Et 3 GeSMe ^-2 2 


Et 

I 

Et 3 GeSGeSMe 

i 

Et 


[(Et 2 GeSMe) 2 S] + (Et 3 Ge) 2 S 

II 

Et 2 Ge(SMe) 2 + (Et 2 Ge=S) 

\ 


(Et 2 GeS) 3 (17) 
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The formation of diethylgermathione is also observed in decomposition 
by /^-elimination of germathiacyclobutane (46). The germathiacyclobutane 
arises from the dehydrocondensation reaction of hydrogermylthiol (47) 
(55), the condensation of germylene (48) with thiirane (52) or from the 
desulfuration of germadithiolane (49) by tributylphosphine (57, 59). The 
transient diethylgermathione is characterized by trimerization, by ring 
expansion with the starting germathiacyclobutane, and formation of di- 
germadithiane (50) (55) and also by a condensation reaction with excess 
germylene leading to formation of a germanium sulfide with a Ge—Ge 
bond (51) (60) (Scheme 11). 



(46) 

I -CH 2 =CH 2 



(50) 


Scheme 11 
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Another synthetic route to intermediates of the germanone type 
r n 

Ge=0 (R,R' = halogen, alkyl, aryl) is the direct oxidation of ger- 

R' X 

mylenes (via a bipolar intermediate) by various oxidizing agents (0 2 , 
KMn0 4 , DMSO, C 5 H 5 NO, p-N0 2 C 6 H 4 C0 3 H, etc.) (61) [Eq. (18)]. 


>e + 0=S(CH 3 ) 2 


^gDo-^cr,), 


.Ge=0 

R' 


R' 


+ (ch 3 ) 2 s (18) 


RR'Ge=0 intermediates, quickly polymerizable into germoxanes 
[ — RR'GeO“]„, have been characterized by various trapping reactions 

(ethylene oxide, methoxygermane, R 3 GeOMe) and, like ^Ge=S inter¬ 
mediates, by condensation reactions with excess germylene leading to the 

I I 

formation of germoxanes with Ge—Ge bonds, [—Ge—Ge—O—]„ (61). 

I I 

The mechanism of the latter condensation reaction seems to correspond 
to nucleophilic attack of heteroelement Y on the germylene ( 60 , 61) in the 
sp 1 hybridized singlet state (62) [Eq. (19)]. 



Y- 


Ge 


Y = O, S 


Ge-Ge—Y 

I I 


(19) 


Sulfuration (S 8 ) of germylenes leads to germathiones which quickly po¬ 
lymerize to cyclogermathianes (60). The reactivity of germylenes toward 
organic oxidizing agents is shown in the reactions of these bivalent species 
with nitrosobenzene, nitrones (and isomeric oxaziridines) (44, 63). 

The reactions of germylenes with nitrosobenzene lead to nitrene and 
germanone intermediates via the zwitterionic form of the corresponding 
germaoxaaziridines (52). Interactions between the germylenes and the 

nitrene generated in the reaction give new ^Ge=N — intermediates (41, 

44, 63) (see Scheme 12). 

The formation of germaoxaazetidine (53) is observed in the insertion 
reaction of germylene into the oxazirane ring (54) in the 1,3-cycloaddition 
of germylene to the nitrone (55) which is an isomer of the oxazirane and 
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\ 

Ge + 0=N—Ph 
Y 

X = Y = F 
X = Ph, Y = Cl 
X = Y = Ph 
X = Y = Mes 


S.0 © 

Ge—O-N—Ph 


Ph—N-O 

\ / 
Ge 
/\ 


(52) 

1 I 

JL__Ge-N- 

I * 

1 Ph 

-* n 

Scheme 12 


&PhN=NPh 



.Ge 


\ -N a \ 

^Ge=N— Ph-m -— Ge + PhN, 


PhCHO 


Ge=0 + PhCH=N—Ph 


also in the dehydrochlorination reaction of C-germylated hydroxy lam ines 

i 

ClGeCH(Ph)NOH(f-Bu) (56). The /3-elimination process from germa- 


oxaazetidines leads to imine and ^Ge=0 intermediates (44) (see 
Scheme 13). 


^ PhC-N—R 

> + \/ 



© 

^G« + PhCH-N-R 
Y '© 




\ /w\ 

Ce^ N-R 

^ sTV 

CH 

I 

Ph 

(53) 


Et^NHCl’ 


i 7 1 

-Ge—CH—N—R + Et,N 
Cl 


i r • 

n - -Cje—O- - 


PhCH=N —R + Ge =0 




PhjGe—Ge Ph, 

| PhMgBr 

lIcUUol 

L 1 1 J. 


Ah 


( 56 ) 


Scheme 13 
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Reduction reactions of germanones and germathiones by trialkylphos- 
phines have also been observed, leading to germylenes (59) [Eqs. (20) 
and (21)]. 

R 2 Ge=S + Bu 3 P BujPS + - (R 2 Ge)„ (20) 

JT‘*c 

(R 2 GeS) 3 


170°C 

Et 2 Ge=0 + Bu 3 P -—-► BUgPO + ± (Et*Ge) tf + (Et 2 GeO) 3 


70% 


30% 


Me 

Et, 




( 21 ) 


\ N—Me 

u- c 


NPh 


The thermal and catalytic depolymerization of cyclogermathianes with 
formation of a monomer/dimer to trimer equilibrium is induced by a tem¬ 
perature rise and by basic solvents such as triethylamine and HMPT (57) 
[Eq. (22)]. 

(Et 2 GeS) 3 fecaN^HMPT < Et > GeS )2 + Et 2 Ge=S (22) 


Monomer stabilization seems to exist with some transition metal com¬ 
plexes that strongly catalyze the reactions of germathione with small three- 
and four-membered rings (64) [Eq. (23)]. 


(R 2 GeS) 3 


(Ph 3 P) 2 PdCl 2 ^ 
- *-^Ge-S 

(Ph 3 P) 2 PdCl 2 


^Ge-S 

\/ 

(PhjP^PdCI, 


(23) 


These germanones and germathiones with strongly polarized double bonds 
(55), are highly reactive and may therefore be used in organometallic 
synthesis in various types of reactions such as: (1) addition reactions to 
various <r bonds of acyclic and cyclic organometallic compounds (e.g., 
Ge—O and Ge—S, see above); (2) insertion reactions with ring expansion 
with small organic rings; and (3) cycloaddition reactions. 

Certain results of insertion reactions with small organic rings are sum¬ 
marized (64) in Eqs. (24)-(28): 

CN 

[RjGe=S] + 

CN 
(30%) 



(24) 
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[RjGe=Y] + ^7 -^T— 

o 

[R 2 Ge—Y] + \ / e 7 3 N or HMPT 

S 


C l 160°C 

S (Pli 3 P) 2 PdCl 2 


, ^-7 100 C 

[R,Ge—S] f \ / HMl'T 

N 

I 

Et 


R 2 Ge^ ^ Y a 0, S, NR, PR 
Y ^ 

(25) 

R a Ge^ J Y = O, S, PR 

(26) 

(85-90%) 


S— V 

R 2 Ge ) 

^S —f 

(27) 

(65%) 


R 2 g\ J 

(28) 

1 

Et 


(40%) 



The mechanism and the stereochemistry of some of these additions to 
small rings have been studied (64), The condensation reaction of germa- 
none with oxirane begins by nucleophilic attack of oxygen on germanium 
followed by ring opening and cyclization. This nonconcerted mechanism 
is supported by the results of condensation of the germanone with cis or 
trans isomers of butene oxide. Each reaction leads to a mixture of cis and 
trans adducts: 45/55 from the c/s-butene oxide and 52/48 from the trans- 
butene oxide (see Table II). However in the presence of triethylamine the 
percentage of the cis adduct increases, and with 300% excess of triethyl¬ 
amine almost exclusive formation of the cis adduct is observed from both 
cis- and trans -butene oxide, along with a maximum of 2% of the trans 
adduct (see table II) (64). 

The high stereoselectivity in the presence of triethylamine seems to imply 
a germanium atom hexacoordinated by two molecules of triethylamine. 
The study of molecular models shows very strong steric hindrance between 
the methyl group and the triethylamino group in the equatorial position 
of the bipolar intermediate during the cyclization process (57b) (Scheme 


Me 



Trans 



(57a) 


Scheme 14 


(57b) 
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TABLE II 

Insertion Reactions of Diethylgermanone 
into as- and 77?/IMS-Butene Oxide 0 


Et 2 Ge = 0 + 



Et 2 Ge 


/ 


V 



Me x / Me 

o Me 

Et,Ge( T" 

cis/trans 

\/ 

o 

cis 

45/55 

trans 

52/48 

trans 

85/15 

(100% excess Et 3 N) 

Et 2 Ge—O trans 

-100/0 

(300% excess Et 3 N) 

cis 

80/20 

(100% excess Et 3 N) 

cis 

-100/0 

(300% excess Et 3 N) 


° Ref. 64. 


14). The position of least hindrance occurs when the two methyls are in 
the cis position opposite (57a) the triethylamino group position leading to 
the cis isomer. 

On the other hand the condensation of germathione with cis- or trans- 
butene oxide gives a stereospecific reaction with inversion of configuration. 
Cis- and trans -butene oxides lead to trans and cis adducts, respectively, 
in proportions higher than 95% with or without triethylamine (64) (Table 
III). The mechanism of this reaction seems to proceed by nucle¬ 
ophilic attack of sulfur on the epoxide with configuration inversion (64) 
(Scheme 15). 



X Ge© 



Scheme 15 
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TABLE III 

Insertion Reactions of Dimethylgermathione into c/s- and 
7v?/4/vs-Butene Oxide" 


Me 2 Ge=S + 



100°C 



Me 


Me 


excess 300% 



Me, rMe 

V 

o Me 




^ Me 

Yield (%) 

With 

cis 

cis/trans ^0/100 

85 

Et 3 N 

trans 

cis/trans 95/5 

95 

Without 

cis 

cis/trans —0/100 

40-50 

Et 3 N 

trans 

cis/trans 95/5 

15 


" Ref. 64. 

Cycloaddition Reactions 

New cycloaddition reactions of germanone and germathione with 1,3- 
dipolar reagents (nitrilimines, nitrones, and nitrile oxides) have been re¬ 
ported (5J, 66). The condensation reactions of doubly bonded germanium 
species precursors with diphenyl-2,5-tetrazole (precursor of nitrilimine) 
(58) at 160°C for 2 h lead to regioselective cycloaddition with formation 
of germaoxa- (59a) or germathiadiazolines (59b) [Eq. (29)]. 


\ + 

^Ge=X + C b H 5 C=N— N—C fi H 5 

R' 

J (58) 


R 

n 

R' X n-N 
I 

c.h 5 

(59a) X=0 
(59b) X=S 


160°-220°C 


(29) 


RR'Ge=X + C„H 5 C=N + C„H,N: 

* 

c,h,n=nc,h 5 


Germaoxa- or germathiadiazolines are stable and can be characterized by 
NMR spectroscopy ('H and l3 C) and also chemically; thermal decompo¬ 
sition of the type 5 = 2 + 2 + 1 can be seen at 160-220°C [Eq. (29)]. 
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[Me 2 Ge=S] + C fl H 9 — CH=N- f-Bu 
O" 

(60) 

160 °C | 2 h 


- (Me 2 GeO) n 


/ D '-CHC e H. 
Me 2 Ge I 5 
\ 0 ^N-*-Bu 


Me 2 Ge=Q + PhCH=N-*-Bu + [S] 


(61) 


60 


60 -9h 


H*C a 


~ (Me 2 GeS) 3 


Et,N 


Me z Ge=:S + H' \ / 
O 

(62) 

Scheme 16 


C -N-/-Bu 


The nitrones also give cycloaddition reactions with germathiones. Ger- 
mathiones (generated from the adducts of germadiazolidines with PhNCS) 
react with diphenylnitrone and phenyl-7V-f-butylnitrone (60) at 160°C in 
a sealed tube. The germaoxathiazolidines (61) formed have been charac¬ 
terized by *H NMR spectroscopy and by identification of their thermolysis 
products (53, 66) (see Scheme 16). 

Dimethylgermathione [from hexamethylcyclotrigermathiane (Me 2 GeS) 3 
in the presence of triethylamine] reacts with 2-/-butyl-3-phenyloxazirane 
(62) (isomer of phenyl-7V-*-butylnitrone) at 60°C by an insertion reaction 
in the oxazirane ring and formation of unstable germaoxathiazolidine, char¬ 
acterized after quantitative isolation of the decomposition products (de¬ 
composition [5 —► 2 + 2 + 1]) (see Scheme 16). 

Nitrile oxides (63) also give cycloadducts with germathiones (53, 66) 
[Eq. (30)]. 


+ s^R 

RC-N—O' + (Me 2 Ge=S) -Me 2 Ge || 

X °-N 

(64) (30) 

(Me 2 GeS) s 

R = Ph, mesityl 

The 2-germa-l,3,5-oxathiazoles (64) formed with good yields (R = Ph, 
80%; R = mesityl, 70%), are quite stable. They decompose at 120-160°C 
with formation of the corresponding germanone and phenyl isothiocyanate 
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(66) [Eq. (31)]. The regioselectivity of all these 1,3-cycloaddition reactions 
is analogous to that observed with ketones, thioketones, or CS 2 (67). 

s R 

Me 2 Ge II -— (Me 2 Ge=0) + RN=C=S (31) 

x o- N J 

R = phenyl, mesityl ^62060)^ 


IV 

^Ge=N- SPECIES 


The formation of new ^Ge=N— intermediates and especially ger- 

maimines R 2 Ge=NR' has been observed in the reaction of germylenes with 
phenyl or methyl azide ( 41 , 68). The reactivity of azide increases with the 
electrophilic character of the germylenes. This fact is consistent with a 
nucleophilic attack of azide on germylene leading to bipolar intermediate 

(65) which decomposes generating nitrogen and forming the germaimine 

(66) (Scheme 17). 


r ^-© ® 

Ge + R"—N—N=N 
R' 


THF 


R 


R ^©1 - © 
^Ge—N—N=N 

I 

R" 


(65) 


R 


R' = F, NMe 2 , 
Et, Ph, mesityl 

j R = Ph 

Ir ; = Cl or NMe 2 
R" = Ph. Me 


R 

I 

-Ge—N- 

I I 
R' R" 

(67) 


■ N- + 


Ph 

I 


X 1 O R /\ 

.Ge=NR" -- X ,(CH 2 ), 

R ' J «' x </ 


( 66 ) 


( 68 ) 


PhCHO 


R v / \ 

Ge CHPh 

R ,y \ / 

N 


RR'Ge=0 + PhCH=NR" 


R" 

(69) 

Scheme 17 
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Scheme 18 


Germaimines are characterized, in the form of polygermazanes (67), by 
insertion into a tetrahydrofuran ring and formation of a seven-membered 
heterocycle (68) as well as by pseudo-Wittig reaction with benzaldehyde 
and formation of unstable germaoxaazetidine (69) (Scheme 17). The direct 
interaction of a germylene with a nitrene also leads to germaimines ( 41 , 
44, 68) (see Section III, Scheme 12). 

The rather unstable germaazetidines (70) lead, through a ^-elimination 
process, to the corresponding germaimines which have mainly been char¬ 
acterized by insertion into the germanium-nitrogen bond of both the start¬ 
ing germaazetidines and diethyl(triethylgermyl)amine (53, 60, 69, 70) 
(Scheme 18). 

Like silaimines (2, 71) the germaimines can be generated by photolysis 
of triorganogermanium azides (71a, 71b). Germaimines have been quan¬ 
titatively trapped by pinacol (72) (Scheme 19). 


Et 3 GeN 3 

(71a) 


hv 

PhH 


N 2 * [Et,Ge=NEt] - 

^>r-K 

HO OH 


(Et 2 GeNEt)„ 



Scheme 19 
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Photolysis of triphenylgermanium azide (71b) is more complex and leads 
to four products [Eq. (32)]. 

PhjGeNj p ^‘ H - [Ph 2 Ge=NPh] * Ph 2 Ge •*- PhNH a Ph—Ph 

(J.b) | 1 (32) 

(Ph 2 GeNPh) 2( „ (Ph 2 Ge) 4i „ 

Two possible mechanisms might explain these experimental results [Eq. 
(33)]. 


PhjGeNj 


Uv 

PhH 


(71b) 


(Ph 2 Ge:) + PhN 




[Ph 2 Ge=NPh] 


hv 


(Ph 2 GeNPh) 2> „ 


(33) 


One mechanism involves hydrogen abstraction from benzene by phenyl- 
nitrene giving aniline and biphenyl. The photolytic decomposition of ger- 
maimine (72) is the reverse of the reaction between germylenes and nitrenes 
(or organic azides) cited above ( 41 , 44, 63, 68). 

Another possible route to germaimines is the reaction of two moles of 
phenyl isocyanate with one mole of cyclodigermazane leading to a diadduct, 
which decomposes through successive eliminations to a germaimine sta¬ 
bilized by dipole-dipole interaction with phenyl isocyanate and thence 
to equilibrium with an unstable germaoxodiazetidine (73) (52, 56) 
(Scheme 20). 


R 

l 

N 

_/ \_ 2 PhNCO. 

Ph^Ge ^GePh 2 - • 


R O Ph 
I II I 

M-C-N 

- Ph 2 Ge_^ GePh a 

I II I 
Ph O R 

(72) 

1 

2 | Ph 2 Ge=NR] + 2 PhNCO 
R = Me 


20-60° 


R 

I 

N 

2 Ph 2 Ge 7 \=Q 
\ / 

N 

I 

Ph 


Scheme 20 


(73) 
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The thermal depolymerization of cyclogermazanes (R 2 GeNR ') 2 ,3 with 
formation of monomer-dimer equilibrium is induced, as in the cycloger- 
mathiane series, by heat and by basic solvents such as triethylamine and 
HMPT (73). Probably nucleophilic assistance on germanium aids the open¬ 
ing of the germazane cycle and enhances its reactivity as a monomer species 
[Eq. (34)]. 


\l/ ? 

vi/\ . 


\ 


N 

A'* 



+ 



2 



(34) 


Lewis acids such as ZnCl 2 in catalytic amounts also seem to induce 
depolymerization of cyclodigermazane (74) [Eq. (35)]: 


ZnClj 

t 

:< n /< 

\ 

ZnCl 2 


70°C 


ZnCl, 


Ge=N— 


ZnCl, 

^ I “ 

Ge—N 


(35) 


Complexes of the same type have been observed with BF 3 and cyclodi- 
germazanes (74). 

It is possible to characterize the germaimine intermediates in the am- 
monolysis of diphenyldichlorogermane by a rapid trapping reaction (under 
conditions in which the cyclogermazane does not react) of the germaimine 
with CS 2 and formation of a germathiaazetidine (74) which decomposes 
to Ph 2 Ge=S and MeNCS. Subsequent reaction of MeNCS on germaimine 
is also observed with formation of germathiaazetidine (75) (Scheme 21). 
The presence of CS 2 prevents the formation of the cyclogermazane 
(Ph 2 GeNMe) 2>3 . In the absence of CS 2 the formation of the cyclogermazane 
is quantitative (73). 
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PhjGeClj + MeNH 2 -«-Ph 2 Ge(NHMe) 2 

|-MeNH 2 

fPh 2 Ge=NMe] 



(74) 


(75) 


*7 (Ph a GeS) w f- MeNCS 


— (Ph 2 GeS)„ ♦- (MeN-C = NMe) 


Scheme 21 


A. 1,2-Cycloadditions 

1,2-Cycloadditions of germaimines with phenyl or methyl isocyanates 
produce unstable germaoxodiazetidines (76) which lead to 2-germa-4,6- 
dioxo-l,3,5-perhydrotriazine (77) (74) (Scheme 22). 

In the case of isothiocyanates the formation of adducts from C=N and 
C=S addition are observed. Addition across the C = N bond leads to 2- 


[Ph 2 Ge=NPh] + MeNCO 



(77) 


Scheme 22 
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[Ph 2 Ge=NPh] + MeNCS ^ 1 


PtuGe C —NMe 

\ / 

N 


Ph 


(80) 


R S 

\ // 
N—C 

Ph,Ge NMe 
2 \ / 

N—C 
/ \\ 

Ph S 

(79) 


RNCS 


Me 

I 

N 

Ph-Ge \?=S 


Ph 

(78) 


-i(Ph,GeS)„ 

+ 


MeN=C = NPh 


Scheme 23 


(Ph 2 Ge=NMe) + PhNCS 


Ph-Ge C=NPh 
\ / 

N 


Me 

(81) 


germa-4-thioxo-l,3-diazetidine (78) and 2-germa-4,6Tthioxo-l,3,5-perhy- 
drotriazine (79). Addition across the C=S bond leads to unstable 2-germa- 
4-methylimino-l,3-thiazetidine (80) and 2-germa-4-phenylimino-l,3-thi- 
azetidine (81) which decompose to diphenylgermanium sulfide dimer and 
trimer and carbodiimide (Scheme 23) (74). 

A-Methyldiphenylgermaimine [from Ph 2 Ge(NMe) 2 + PhNCO] adds to 
CS 2 with formation of unstable 2-germa-4-thioxo-l,3-thiaazetidine (82) 
(74) [Eq. (36)]. 


[Ph 2 Ge=NMe] + CS 2 


Me 

I 

N 

► PhjGe^ \=S 

S' 


-i(Ph 2 GeS) M + MeNCS (36) 


(82) 


In the reaction of germylenes with phenyl azide in benzaldehyde, the 
formation of benzilideneaniline and germoxane via germaoxaazetidine (83) 
is noted (68). Besides this the formation of condensation products of ger¬ 
mylenes with benzaldehyde (84) is also observed for GeF 2 and PhGeCl 
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R*Ge 


(68, 75) [Eq. (37)]. In the case of Ph 2 Ge and Mes 2 Ge, the main reaction 
is the 1,2-cycloaddition of the transient germaimine to benzaldehyde (68). 


[R 2 Ge=NPh] 


PhCHO 


'PhN, 


\ PhCHO 


/°\ 

- R*Ge CHPh 
\ / 

N 

I 

Ph 

(83) 


-PhCH=NPh + % (R 2 GeO) n 


(37) 


R 

(Ge—OCHPh) n 
R 

(84) 


B. 1,3-Cycloadditions 


The 1,3-cycloadditions of germaimines RR'Ge=NR" (R = Ph, R' = Ph 
or Cl; R" = Me, Ph, t- Bu) with nitrones (85) (R'" = Ph, /-Bu) as well as 
their insertion reactions on oxaziridines (86) lead to germanones 
(RR'Ge=0), imines PhCH=NR" and nitrenes probably via transient 2- 
germa-l-oxa-3,5-diazolidines (87). The imines formed contain the NR" 
group of the initial germaimines (76) (Scheme 24). 


© 

[RR'Ge=NR"] + PhCH=N—R w R w = Ph,/-Bu 

A© 

(85) 


R" 



(87) 


60 °C 


RR'Ge=0 + PhCH = NR" + R'"N 


(RR'GeO) 3 R"'N=NR'* 


[RR'Ge = NR*] 


I ? 

HC-N-/-Bu 

* v 

( 86 ) 


Scheme 24 
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Germaimines (from catalytic depolymerization of cyclodigermazane by 
ZnCl 2 , Et 3 N) are inserted into ethylene oxide with formation of 2-germa- 
1,3-oxazolidine (88) (74) [Eq. (38)]. 

HjC— ch 2 M e 

\/ V 

O / ^"CH 

[Ph 2 Ge=NMel -► Ph z Ge I 2 (Yield 43%) (38) 

L 2 1 ZnCL 2 , EtjN 2 

70 °C 

( 88 ) 

No reaction was observed with cyclodigermazane without catalyst or basic 
solvents at 120°C (74), 


V 

^Ge=P- SPECIES 


Germaphosphimine R 2 Ge=PR' (53, 77-79) and silaphosphimine 
R 2 Si=PR' (53, 77-80) species with germanium or silicon doubly bonded 
to a dicoordinated phosphorus can be obtained from 2-germa- (88a) or 2- 
silaphosphetanes (88b) by a thermal ^-decomposition reaction [Eq. (39)]. 


R»M-PR' 

u 


A 

10" 2 mmHg 


[RjM=PR'] + CH a =CH a 


(88a) M = Ge 
(88b) M = St 


(39) 


Germaphosphimines and silaphosphimines add to 2-germa- (88a) or 2- 
silaphosphetanes (88b) leading to a 2,4-digerma- (89) and 2,4-disila-1,3- 
diphospholane (90), then after loss of germylene or silylene to a 3-germa- 
(91) or 3-sila-1,2-diphospholane (92) [Eqs. (40) and (41a)]. 


[R a Si=PPh] 


RjSl— PPh 

u 


Ph R* 

\ r 

P-Si 

- R 2 Si' PPh 

V_y 


-SIR, 


*i h 
p^ 

■ R a Si X P-Ph (40) 


(90) 


(92) 


In the case of condensation of germaphosphimines with 2-germaphos- 
phetanes the formation of P-germylated 3-germa-l,2-diphospholanes (92) 
is observed. The unexpected formation of this derivative seems to indicate 
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that germaphosphimines, unlike silaphosphimines, give a P-germylated 
phosphinidene (93) by a thermal transposition reaction. The P-germylated 
phosphinidene is inserted into the Ge—P bond of germaphosphetane (78) 
[Eq. (41b)]. Insertion of phosphinidenes into a Ge—P bond is a well-known 
reaction (81). 



Ph 

P—PPh 



(91) 


I^GePh 

P 

FLGe^ PPh 
(92) 


(41a) 


(41b) 


The formation of germaphosphimines has also been observed in the ex¬ 
change reaction between 2,5-disilaphospholanes (94) and dialkyldihalo- 
germanes (82). These transient species have been clearly characterized by 
formation of dimeric and trimeric cyclic germylphosphine (95) and by 
insertion and ring expansion reactions with ethylene oxide and sulfide with 
formation of new heterocycles 2-germa-3-oxaphospholanes (96) and 2- 
germa-3-thiophospholanes (97) (77, 82) [Eq. (42)]. 


Me, 
\ ' 
Si 


PhP 


D1- 

/ 

? 

\ 

Si — 


+ Me,GeCl 2 


THF 


Si 

Me. 


20 °C 


(94) 


Me,, 

I 

Cl—Si—| 

Cl—Si—I 
lJle a 


(Me 2 GePPh) 2)3 

(95) 


+ [Me 2 Ge=PPh] 


Y7 

Y 


Ph 

\ 


P —| 
Me 2 Ge 

Y—I 

(96) Y = O 

(97) Y = S 


( 42 ) 
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These exchange reactions can be extended to the tin and phosphorus 
series. Dimethylstanna(phenyl)phosphimine (98) has been obtained by ex¬ 
change reactions between dimethyltin dichloride (or diorganotindiamines) 
and 2,5-disilaphospholanes (94) (77, 79, 83) [Eq. (43)]. 


Me ? 

\ 

Si- 


Me 2 SnCl 2 + PhP 


r THF 

U - 4o ° c 


Si 

/ 

Me- 


(94) 


[Me 2 Sn = PPh] 
(98) 


(Me 2 SnPPh), 


Me~ 

I 

Cl— Si—| 
Cl—Si—I 


-Si 

I 

Me 


(43) 


Dimethylstanna(phenyl)phosphimine (98) has been characterized, like ger- 
maphosphimines, by formation of its trimer and by insertion reactions into 
strained heterocycles such as thiirane and 2-germaphosphetanes with for¬ 
mation of stannathiaphospholane (99) and germastannadiphosphorinane 
(100), respectively. Compound 100 loses dimethylstannylene (102) with 
formation of germadiphospholane (101) (77, 79, 83) (Scheme 25). 

Exchange reactions of the same type have been observed between 2,5- 
disilaphospholanes or bis(trimethylsilyl)alkyl- or arylphosphines (Me 3 Si) 2 PR 
and organodichlorophosphines leading to intermediates with phosphorus- 



(Yield: 40%) 



Ph 

\ 

P— 


Ph 

/ 

P 


/ 

Me?Ge 


u 


( 101 ) 


+ 


Me 2 Sn 


( 102 ) 


(Me 2 Sn) n 


Scheme 25 
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phosphorus double bond (diphosphenes) characterized by cycloaddition to 
dimethylbutadiene (77, 84) [Eq. (44)]. 


(Me 3 Si) 2 PR + R'PCl -► [RP=PR'] + 2 Me a SiCl 



R = R' = Ph 
R = R' = t -Bu 
R = Mesityl 
R' = t -Bu 


(44) 


VI 

^Ge=METAL SPECIES 


A. 


\ 

/ 


Ge~Ge 


/ 

\ 


Species 


In the study of GeH 2 Kraus (S5) claimed it likely that the dihydride 
GeH 2 is a dimer with doubly bonded germanium atoms, and that upon 
addition of sodium one bond is broken to form the salt NaH 2 GeGeH 2 Na. 

Attempts to synthesize intermediates with a ^Ge=Ge^ bond were 

made by Curtis and Triplett (Sd) by the action of /-BuLi on Me 2 Ge — 

I 

Cl 


Ge—Me 2 [Eq. (45)] 

I 

Cl 


Me 2 ClGeGeClMe 2 + /-BuLi — Me 2 Ge=GeMe 2 (?) + /-BuX + LiX (45) 

(Me 2 Ge)„ 


(/-Bu)Me 2 GeGeMe 2 (/-Bu), HMe 2 GeGeMe 2 (/-Bu) were also characterized 
in the same reaction. The production of large quantities of polygermanes 
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—f- GePh 2 — GePhj— Hg-J-^ 


hv 


(Ph 2 Ge) n 

! 

«Hg + Ph 2 Ge-Ge—Ph 2 —-► Ph 2 Ge=GePh 2 

IcHgCOCOCR, 


Ph 2 Ge—GePh 2 
2 / \ 2 

°x P 


C=C 
/ \ 

H S C CHg 


Scheme 26 


(103) 


in this reaction may indicate the formation of Me 2 Ge=GeMe 2 which im¬ 
mediately polymerizes even in the presence of a trapping reagent (1,3- 
dienes). However other mechanisms can also explain the formation of 
polymers. 

The photolysis of polynuclear germylmercury compounds of the type 
[— GeR 2 GeR 2 Hg—] n leads to a mixture of cyclopolygermanes probably 
by intermediate formation of digermyl diradical R 2 GeGeR 2 ( 87 , 88) [Eq. 
(46)] 

[-GeR 2 ~GeR 2 -Hg-] fl ^p(R 2 Ge) 4 + (R 2 Ge) 5 + (R 2 Ge) m (46) 

These digermyl diradicals, which can be considered as the limiting form 

of ^Ge=Ge^ intermediates, have been partially trapped with biacetyl 

forming a 2,3-digerma-l,4-dioxoline (103) (87 , 88) (Scheme 26). 
However the preponderant formation of polymeric (Ph 2 Ge)„ seems to in¬ 
dicate the short life of these intermediates. 

The tetraethyldigermyl diradical formed in the photolysis of the corre¬ 
sponding tetraethyldigermylmercury derivative (104) condenses on 1,3- 
dienes (isoprene and dimethylbutadiene) with formation of digermacy- 
clohexadiene (105) (89) [Eq. (47)] 


-E GeEt 2 — GeEt*- Hg-}-^ 


hv 




(104) 


Rj = H, R, = CH a 
R, = R* = CHa 


(105) 


(47) 
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B. / Ge—Bi— Species 

The intermediate formation of ylide species ^Ge=Bi— *-* ^Ge— 

Bi—J (106) is cited by Razuvaev et al. (90, 91) in the reaction of 
bis(pentafluoropheny!)germane (107) with triethylbismuth [Eq. (48)] 


— EtH — EtH 

(C e F 5 ) 2 GeH 2 + EtjBi -► (C 6 F,) 2 Ge—BiEt,- 

(107) H 


(C« F.) 2 Ge—BtEt 


(C a F,) 2 Ge=BiEt 

( 106 ) 


(48) 


Et 

(C 6 F,) 2 Ge ^Ge(C e F 5 ) 2 

Bi 

Et 


C. Ge=MnL„ Derivatives 

New stable species with Mn=Ge double bonds have been recently de¬ 
scribed by Gade and Weiss (92). Treatment of K[(»j 5 —CH 3 C 5 H 4 )- 
Mn(CO) 2 GeH 3 ] with acetic acid gives [(»j 5 —CH 3 C 5 H 4 )Mn(CO) 2 ] 2 Ge 
(108). An X-ray analysis shows a linear Mn=Ge=Mn system. The mol¬ 
ecule is centrosymmetric and the ligands on the Mn atoms are in the trans 
position. The reaction of K[(t> 5 —CH 3 C 5 H 4 )Mn(CO) 2 GeH 3 ] with Hg 2+ ions 
yields small amounts of [(»j 5 —CH 3 C 5 H 4 )Mn(CO) 2 ] 3 Ge (109) which also 
contains a Ge=Mn(CO) 2 Cp moiety. The Cp(CO) 2 MnMn(CO) 2 Cp unit 
is linked to the Ge atom through two Ge—Mn single bonds, thus forming 
a triangular Mn 2 Ge ring (92). The molecular structures of 108 and 109 
are shown in Figs. 1 and 2, respectively. 
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( 109 ) 


VII 

THEORETICAL STUDIES 

The first theoretical studies on germanium doubly bonded intermediates 
were carried out by Gowenlock and Hunter (95, 94). The results of the 
CNDO/2 calculations indicate that the germanium-carbon bond in ger- 



Fig. 1. Molecular structure of [(i^-CHjCsHJMnCCO^hGe from W. Gade and E. Weiss 
( 92 ). 
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Fio. 2. Molecular structure of [(ij 5 -CHjC 5 H 4 )Mn(CO) 2 ] 3 Ge from W. Gade and E. Weiss 
(92). 

maethylene H 2 Ge=CH 2 and fluorinated germaethylenes H 2 Ge=CF 2 , 
F 2 Ge=CH 2 , and F 2 Ge=CF 2 has a somewhat unusual double bond-like 
character with a relatively weak a bond and much stronger tt bond and 

\5— 5+/ 

the polarity / Ge= C (93). CNDO/2 calculations have also been per¬ 
formed to predict dipole moments for germaethylene and fluorinated ger¬ 
maethylenes (94). 

More recently valuable ab initio calculations using pseudopotentials (95) 
have been carried out on the germanium doubly bonded intermediate series 
(65, 96, 97). The geometry of germaethylene has been established; 
H 2 Ge=CH 2 is a planar molecule with C 2 „ symmetry (96, 97). The opti¬ 
mized geometry is the following at the SCF level: double f + d (Ge) basis 
sets (Scheme 27). 

\ 1.779 A / 

114.0* Ge ■ — — C 116.0” 

H / f542 A 1.085 A^H 
Scheme 27 

The Ge=C bond length is shorter than the Ge—C a bond in CH 3 GeH 3 
(rf Ge _c = 1 945 A (19, 98). 

Calculations with configuration interactions [double f + d (Ge and C) 
basis sets] give the following results: 

rfc=c = 1.812 A, *o.=c = 4.99 mdyn/A, t' Ge =c = 847 cm -1 

The methylgermylene isomer H(JeCH 3 is more stable than germaethylene 
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- 0.05 

H \+ 0.35 


+ 0,18 

- 0 . 61 / H 

=c \„ 


M = 0.89 D 

bi f + d(Ge and C) basis sets 
Scheme 28 


- 0.10 + 0.18 



V = 0.84 D 

bi f + d(Si and C) basis sets 
Scheme 29 


by 15 kcal/mol, unlike the silicon analog (96, 97). The charge distribution 
is shown in Scheme 28. 

On the same basis the silaethylene diagram is shown in Scheme 29. 

6 + d— 

\ / 

The charge difference in Si = C is predicted to be greater than the 
6 + 5 — 

charge difference in Ge= C in agreement with the Allred-Rochow elec¬ 
tronegativity scale (99, 100), according to which germanium is more elec¬ 
tronegative than silicon. The 7r orbitals follow the same pattern: 

+0.18 -0.18 +0.16 -0.16 
Si=C Ge=C 

Isodensity curves of the 7r orbital in H 2 Ge=CH 2 are shown in Fig. 3. 

Very recently an attempt to examine the properties of the germanium- 
carbon double bond in H 2 Ge=CH 2 by ab initio SCF methods has been 
carried out by Kudo and Nugase (101), who discuss the geometry, proton 
affinity, and thermodynamic stability of H 2 Ge=CH 2 in comparison with 
previous data on H 2 C=CH 2 and H 2 Si=CH 2 (101). 



Fig. 3. Isodensity curves of the 7r orbital in H 2 Ge—CH 2 . The values correspond to \J/ 2 
= 0.004, 0.006, 0.008, 0.010, 0.015, 0.020, 0.025, 0.030, 0.035, and 0.040. From Ref. 96. 
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- 0.06 
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+ 0.13 
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/ (- 0 . 29 ) 

H 

4 = 2.83 


Fig. 4. Net atomic charges (it charges in parentheses) and calculated dipole moments 
(D). From Ref. 65. 


Ab initio quantum calculations using pseudopotentials and including 
electron correlation were performed on H 2 Ge=0 and H 2 Ge=S with dou¬ 
ble £(+d orbitals) basis sets (65). Full geometry optimization performed 
at the SCF level led to planar structures 

Ge=0 = 1.63 A, Ge-H = 1.55 A and <jHGeH =112° for H 2 GeO 

and 

Ge=S = 2.02 A, Ge-H = 1.55 A and <JHGeH = 110° for H 2 GeS 



Fig. 5. Charge-density (a) and density-difference (b) contour maps for the it MO of 
germanone. The isodensity curves correspond to the values \p 2 = 0.002, 0.004, 0.006, 0.008, 
0.01, 0.015, 0.02, 0.03, 0.05, and 0.1. The differential density curves correspond to \pl 
- (tf'ip.G, + ^ip*o) = -0.005, -0.003, -0.001, and -0.0008 (dashed lines), 0 (thick lines), 
0.0008, 0.001, 0.002, 0.003, and 0.005 (solid lines). From Ref. 65. 
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Fig. 6. Charge-density (a) and density-difference (b) contour maps for the ir MO of 
germathione. The lines plotted correspond to the same values as in Fig. 5. From Ref. 65. 


The force constants were calculated as well as the theoretical vibrational 
frequencies p(Ge=0) = 1038 cm -1 , v(Gc=S) = 586 cm -1 at SCF level. 
As expected, the Ge=X bond is strongly polarized, especially in 
5 + 5 — 

H 2 Ge=0. The a and x Ge— O bond polarities suggest that the bonding 
is intermediate between x(H 2 Ge=0) and semipolar H 2 Ge:—>Oi bonding. 
Extended C.I. was used to compute the Ge=X bond energies such as the 
H 2 GeX —» H 2 Ge( l ^i) + X( 3 P) reaction enthalpy. They were predicted to 
be about 108 kcal/mol for Ge=0 and 83 kcal/mol for Ge=S. H 2 Ge=0 
is found to be less stable than its germylene isomer HGeOH by 18 kcal/ 
mol (65) and 19.9 kcal/mol in more extended calculations (97), 

The following figures give the net atomic charges in germylene (GeH 2 ), 
germanone H 2 Ge=0, germathione H 2 Ge=S, and formol with correspond¬ 
ing dipole moments (Fig. 4), the charge density and density difference 
contour maps for the x molecular orbital of germanone H 2 Ge=0 (Fig. 
5) and germathione H 2 Ge=S (Fig. 6). 

Germaimine, H 2 Ge-NH, is predicted to be a planar molecule. Its op¬ 
timized geometry at the SCF level is shown in Scheme 30 (96, 97). 







280 


JACQUES SATG£ 


H 

•V 

1.552 A 
113.1' 
1.538A 
H 


128 . 8 ° 



122.8’ 




1.022A 


1.695A 
118.1° 
Scheme 30 
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The bond length Ge=N (1.695 A) is shorter than Ge—N a (e.g., in 
N(GeHj) 3 (1.836 A) (702) or in (Cl 2 GeNMe) 3 1.78-1.81 A (103). The 
length, force constant, and absorption frequency of Ge=N (noncoupled) 
bond are at C.I. level 

^Ge=N = 1-727 A, k Gt =N = 5.37 mdyn/A, j» Ge=N = 854 cm -1 

In all cases the germylene isomer form HQeXH is more stable than the 
doubly bonded form H 2 Ge = X. The energy differences between H(}eXH 
(more stable form) and H 2 Ge = X with X = O, NH, CH 2 [double f + d 
(Ge, O, N, C) basis sets] are: X = O 19.9 kcal/mol, X = NH 32 kcal/ 
mol, X = CH 2 15 kcal/mol (96, 97). The charge distribution and dipole 
moment of the germaimine [double f + d (Ge and N) basis sets] is shown 
in Scheme 31. 

The geometry of germaphosphimine H 2 Ge=PH at the SCF level is the 
following in the ground state (104) (Scheme 32). Calculations with con¬ 
figuration interactions give the following results: 

dat^p = 2.169 A, Jt Ge =p - 3.05 mdyn/A, v Ge = P = 481 cnT 1 

The distribution of net atomic charges and the calculated dipole moment 
are shown in Scheme 33. The ^Ge=P— bond length is shorter than Ge—P 

a bond in trigermylphosphine [(H 3 Ge) 3 P]</ Ge -p = 2.308 A (105). 

Ab initio calculations using pseudopotentials have been carried out on 
singlet digermene (H 2 Ge=GeH 2 ) and its germylgermylene isomer. 



H 1.547A 


-0.03 

u 

\+0.23 
Ge — 

/ 

H 

-0.03 


+0.03 

H 


y^0.20 

P 


Scheme 32 


\i = 2.34 D 
Scheme 33 
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H 



2.325A 



Scheme 34 



Scheme 35 


H(JeGeH 3 a t both SCF (double f + d basis set) and C.L levels. 
H 2 Ge=GeH 2 is 5 kcal/mol more stable than H(}eGeH 3 ( 106 ). 

Digermene is predicted to have a trans-bent geometry that does not 
depend strongly on correlation effects: the wagging angle of the 
GeH 2 groups is 39°. The planar form lies 3-4 kcal/mol higher in energy 
(Scheme 34). 

The new type of bonding occurring in H 2 Ge=GeH 2 can be described 
as two semipolar bent bonds between two singlet germylenes (106) 
(Scheme 35). 


VIII 

SPECTROSCOPIC STUDIES 

A. Infrared and Photoelectron Spectroscopy 

The instability of germanium doubly bonded intermediates makes the 
spectroscopic observation and measurement very difficult. However, vapor- 
phase germanium monoxide GeO (with Ge 2 0 2 and Ge 2 0 3 ) has been iso¬ 
lated in nitrogen and argon matrices. In a nitrogen matrix infrared ab¬ 
sorptions are observed at 973.4 cm -1 ( 74 Ge 16 0) (107). 

A theoretical study of photoelectron spectra of GeS, GeSe, and GeTe 
has been published recently (108). 

In the reaction of difluorogermylene with phenyl azide leading to 
F 2 Ge=NPh, the infrared spectra of the reaction mixtures show two bands, 
at 1230 and 970 cm" 1 , which disappear slowly while the absorption 
Ge—N—Ge (820-860 cm' 1 ) increases. It would seem that the 970 cm" 1 

absorption could be attributed to the ^ Ge=N— bond (109) in accordance 

with theoretical studies (96, 97). The difference of ~100 cm -1 between 
the experimental and calculated values may be attributed to substituent 
effects. The same bands appear in the thermal depolymerization of cyclo- 
digermazane (109). 
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B. Mass Spectrometry: Formation of ions or Neutral Fragments 
with pir-pir Doubly Bonded Intermediates of Germanium 

The mass spectra of germacyclobutanes (1,1-dimethylgermacyclobutane 
( 2 ) (31 , 52), 1,1-dibutylgermacyclobutane (770), l,l-dibutyl-3-methyl-l- 
germacyclobutane (770) and 4-germa-spiro-3,4 octane (770, 777) show 
olefinic and carbenoid decomposition in dissociative ionization such as in 
thermal dissociation [Eq. (49)]. 


[(CHj 2 Ge=C}l 2 ] + ' 



(49) 


The formation of Me 2 Ge=GeMeJ ( 111 ) in the fragmentation of 1,1,2,2- 
tetramethyl-l,2-digermacyclopentane ( 110 ) is also consistent with the re¬ 
sults of thermolysis of the same compound (52) [Eq. (50)]. 


r H a H 

+■ 

r 



H-C CIL 

/ \ 

" C,H * 

\ / 

h 2 c ch 2 


Ge—Ge 

\ / 


/ \ 

Ge—Ge 


HjC CH, 

/ \ 


_ 

(ch 3 ) 2 (ch,). 




(no) (in) 

The loss of C 2 H 4 is more characteristic under electron impact as well as 
in thermal decomposition of Si compounds while C 3 H 6 is preferably elim¬ 
inated by Ge compounds (52). 

The fragmentation of 1,4-digermacyclohexadiene ( 112 ) shows the for¬ 
mation of tetramethyldigermene ion (772) [Eq. (51)]. 



(112) 


[Me 2 Ge=GeMe 2 ] + * + 2 PhC=CPh 
( 111 ) 


(51) 
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Results of the same type are reported for Ge 2 (C 2 H 2 ) 2 Cl 4 [tetrachloro- 
digermacyclohexadiene dimer of 1,1-dichlorogermirene (113)]. 

In a detailed study of mass spectra of organogermanium compounds 
Glockling and Light (114) reported that hexamethyldigermoxane shows 
an unusual transition in which Me 2 GeO is eliminated as a neutral fragment 
[Eq. (52)]. 

Me 3 GeOGeMe£ — Me 3 Ge + + Me 2 GeO (52) 


IX 

CONCLUSION 

Doubly bonded germanium species, as well as germylenes (38\ are of 
great fundamental and practical interest. These intermediates are powerful 
synthetic reagents in organometallic chemistry. The polar character of their 
multiple bonds leads to numerous types of reactions (such as insertion, 
addition, cycloaddition, transposition, etc.). Moreover, the symmetrical 

structure of some species (e.g., ^Ge=Ge^ «-* ^Ge—Ge^) and the 

weaker polar character of other species leads to radical activity, which is 
also very convenient in synthesis. 

One of the major remaining problems is stabilization of these short-lived 
species. Attempts are being made to stabilize them by stereoelectronic 
effects of substituents on the metal and heteroelements, by matrix isolation 
techniques, and by complexing with Lewis acids or transition metals. These 
studies are now in progress. This stabilization would allow spectroscopic 
measurements in connection with theoretical studies as well as the study 
of additional chemical properties of these interesting doubly bonded species. 
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